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Abstract 
Fuel economy and environmental protection have become increasingly important 
over the last few decades and this has led to the demand for higher efficiency within 
the automotive sector. Non-ferrous coatings with excellent and unique tribological 
properties, intended to increase efficiency by lowering friction and wear internally 
within the car engine are becoming increasingly more prevalent within this sector. 
Since current lubrication practices are geared towards ferrous materials, it is 
important to determine the effect that lubricants have on non-traditional coatings.  
In this study, three Diamond-Like Carbon (DLC) coatings are assessed for their 
viability within this application, more specifically for the cam-follower interface. 
The coatings are an amorphous hydrogenated Diamond-Like Carbon and a silicon 
doped amorphous hydrogenated Diamond-Like Carbon, both produced at the 
University of Leeds, using a Hauzer Flexicoat 850 deposition system, and a tungsten 
doped Diamond-Like Carbon coating from Oerlikon Balzers, type Balanit C*. The 
coatings are characterised to quantify their hardness, thickness, elastic modulus and 
sp
2
 content before being tribologically tested in group III base oil and fully 
formulated oil containing the anti-wear additive zinc dialkyldithiophosphate on a 
pin-on-reciprocating plate tribometer. The three DLCs are tested against a cast iron 
counter-body and analysed for wear and the presence of a phosphate tribo-film. The 
nature of growth of the tribo-film is commonly known for ferrous contacts but much 
uncertainty still remains for DLC lubricated contacts. 
vii 
The Hauzer Flexicoat 850 system houses within it two microwave sources which aid 
in the Plasma Enhanced Chemical Vapour Deposition (PECVD) of DLC. This new 
technology offers potentially improved coatings for tribological coatings and the 
ability to tailor the coating for a particular lubricant. In this study the microwave 
PECVD process is tested to determine its viability within a commercial setting, and 
to discover the effect of different processing parameters on the mechanical 
properties of the coatings. The parameters of particular interest are the bias voltage, 
gas ratio and power of the microwave sources. Preliminary tests were undertaken in 
order to determine the optimum position and other fundamental deposition 
properties before the full scale tests began. 
This study has shown that a-C:H DLC is the most suitable coating of those tested 
here for implementation into this application. The Si-DLC and W-DLC were not 
compatible with the lubricants or the system as will be shown. The lubricant additive 
ZDDP is important in ferrous systems, and it is shown here to be useful within a 
DLC environment 
The microwave DLC coatings have demonstrated good mechanical properties, in 
particular a high hardness. They have proven to be very promising, and with a 
substantial reduction in deposition time, demonstrate their potential commercial 
viability for tribological applications. 
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Chapter 1  
Introduction 
1.1. Global Concerns 
Over the past few decades, global warming has become increasingly prevalent. It is 
a huge concern amongst the government, academics and the general population. It 
has been sensationalised, downplayed and rationalised, but the global consensus on 
the matter is that action must be taken to prevent further rises in the Earth‟s 
temperature as a result of global warming and any further consequences of this. 
Action is being taken in various different forms, for example, the use of „greener 
fuels‟ (solar power, wind energy, nuclear generation), widespread recycling and the 
limiting of emissions on a global scale. Surface engineering is having an impact in 
the reduction of emissions. It is being recognised as a major player in the fight 
against global warming as the demand for functional surfaces increases [1]. 
Global warming is a term used to describe the effect that human activity has on the 
climate and specifically refers to the generation of large amounts of greenhouse 
gases (including CO2, NOx, CFCs (chlorofluorocarbons) and methane) produced by 
the burning of fossil fuels (oil, gas and coal). The rapidity and magnitude of global 
industrialisation contributes a huge amount of greenhouse gases to the atmosphere, 
around 7 billion tonnes of carbon dioxide per annum alone [2]. These greenhouse 
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gases have a negative effect on the Earth and its atmosphere by their ability to 
absorb infrared radiation and to destroy vital atmospheric components such as O3. 
This alters the radiation balance of the Earth and as a result of this the temperature 
rises to restore this balance [2]. The rising temperature of the Earth can be directly 
correlated with the rising concentration of greenhouse gases in the atmosphere [3], 
Figure 1-1 and Figure 1-2 illustrate this correlation. Figure 1-1 shows the rise in 
greenhouse gas emission over the past 1000 years, which can be directly compared 
to the rising temperature over this time period shown in Figure 1-2. 
 
Figure 1-1: Records of changes in atmospheric composition of: CO2, CH4, N2O.: 
direct atmospheric sources over past few decades, previous data derived from ice 
core samples from Antarctica [3] 
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Figure 1-2: Variations of the Earth‟s surface temperature over the past 1000 years 
[3] 
As a result of this correlation, the European Union (amongst other nations and 
organising bodies) in recent years has introduced targets on the gases emitted by 
industry. Figure 1-3 shows the greenhouse gas emissions across Europe for the year 
2007 by their main source. As can be seen here, the sectors releasing the majority of 
greenhouse gases into the atmosphere are energy production (26%) and road 
transportation (17%); this is a large contribution by road vehicles and the European 
Union has imposed legislation in order to decrease this.  
The current European legislation for the reduction of pollutant emissions from light 
vehicles came into force in 2009 and was gradually introduced from 2011, rising to 
the full legislative effects in 2015. It is known as the „Euro 5 standard‟, preceding 
the „Euro 6 standard‟ which will come into force from 2015. These standards are 
outlined for both petrol and diesel vehicles in Table 1-1, Table 1-2 and Table 1-3. 
Carbon dioxide is not mentioned directly since this is a product of the combustion of 
the hydrocarbon gases and is controlled via the reduction of these. 
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Figure 1-3: Greenhouse gas emissions by main source in Europe, 2007 [4] 
Table 1-1: Euro 5 legislation, petrol vehicles from 2011 [5] 
Pollutant emission Limit Compared with previous legislation 
Carbon Monoxide 1000 mg/km Same 
Non-methane hydrocarbons 68 mg/km New 
Total hydrocarbons 100 mg/km Same 
Nitrogen oxides 60 mg/km 25% reduction on Euro 4 
Particulates 5 mg/km New 
Table 1-2: Euro 5 legislation, diesel vehicles from 2011 [5] 
Pollutant emission Limit Compared with previous legislation 
Carbon Monoxide 500 mg/km Same 
Nitrogen oxides 180 mg/km 20% reduction on Euro 4 
Combined hydrocarbons 
and nitrogen oxides 
230 mg/km 20% reduction on Euro 4 
Particulates 5 mg/km 80% reduction on Euro 4 
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Table 1-3:Euro 6 legislation, diesel vehicles from 2015 [5] 
Diesel engines will experience the highest impact from Euro legislation over the 
next few years, (the legislation for petrol passenger vehicles remains the same for 
Euro 6), though the legislation is tough on both types of vehicle. The legislation has 
had a major impact on car manufacturers and on public attitudes toward car 
emissions; car manufacturers are now focusing their sights on a more 
environmentally friendly vehicle, as is required by the legislation and by the 
increasing demands of the consumer for more efficient vehicles [6]. The regulations 
have driven research, design and development of passenger cars towards a greener 
future. 
1.2. Vehicle Efficiency 
The efficiency of the internal combustion engine can be improved by looking at the 
surfaces of those components most susceptible to high levels of friction and wear; of 
particular interest in this study are components in the valve train and the piston 
assembly. Modifying these surfaces can reduce the effects of friction and wear on 
these components and decreases the overall mechanical loss experienced by the 
engine. There is a significant amount of energy lost this way as shown in Figure 1-4. 
Pollutant emission Limit Compared with previous legislation 
Carbon Monoxide 500 mg/km Same 
Nitrogen oxides 80 55% reduction on Euro 5 
Combined 
hydrocarbons and 
nitrogen oxides 
170 mg/km 26% reduction on Euro 5 
Particulates 2.5 mg/km 50% reduction on Euro 5 
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Friction is accountable for around 33% of the total mechanical loss experienced in 
the engine. Research in surface engineering and tribology will help to achieve a drop 
in harmful emissions released by vehicles and can help automotive manufacturers to 
reach the emissions targets outlined above. It is estimated that by taking advantage 
of new technology for friction reduction such as coatings and surface texturizing, 
friction losses could be reduced by as much as 61% in the long term [7]. The 
advancement of technology in the field of surface coatings has led to very thin 
coatings which have been shown to reduce friction by 10 – 50% in lubricated 
contacts [7]. 
 
Figure 1-4: Energy distribution in a typical passenger car. Adapted from [8] and [7] 
1.3. Objectives 
In this study, Diamond-Like Carbon coatings are produced using plasma enhanced 
chemical vapour deposition, and microwave plasma enhanced chemical vapour 
deposition and some DLC acquired from commercial sources. The main objectives 
of this thesis are as follows: 
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Phase one: tribochemical evaluation of the tribochemistry of DLC 
 To gain familiarity with the processing operations and to develop 
competency with regards to operating the coating deposition system at the 
University of Leeds. 
 Create coatings in conjunction with Hauzer Techno Coating, namely a-C:H 
and Si-DLC. 
 Compare the properties of a-C: H DLC, Si-DLC and the acquired W-DLC. 
 Determine the effect of the lubricant additive ZDDP has on the coatings by 
comparing tribological testing with base oil. 
Phase two: evaluation of microwave plasma as a coating production process. 
 Configure and determine the optimal parameters necessary to optimally 
operate the microwave sources on the system. 
 To use these sources to develop DLC coatings comparable properties to 
current PECVD DLC coatings. 
 To determine the maximum hardness reachable using the microwave 
sources. 
1.4. Thesis Outline 
 Chapter One: An outline of the purpose of this thesis and some basic theories 
of tribology and plasma theory are discussed 
 Chapter Two: A comprehensive review of the current literature, including 
methods of depositing DLC, different types, properties of existing coatings 
and tribochemistry of DLC. 
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 Chapter Three: An overview of the experimental methods used within this 
thesis. 
 Chapter Four: PECVD deposited coatings are deposited and tested 
mechanically, tribologically and characterized fully. 
 Chapter Five: The microwave PECVD system is used with one microwave 
source in order to deposit coatings. The testing within this chapter begins 
with preliminary testing and ends with a two variable matrix and concludes 
with an empirical equation useful for users. 
 Chapter Six: The microwave PECVD system is again used to deposit DLC 
coatings and both sources are used. Preliminary testing begins the chapter, 
and the effect of varying the bias voltage to find the hardest possible coating 
concludes it. 
 Chapter Seven: A comprehensive discussion surrounding the tribochemical 
interactions with the PECVD DLC is presented here, alongside further 
discussion concerning the effect of the deposition parameters on the final 
coating in the microwave PECVD processed 
 Chapter Eight: Main conclusions and suggestions for future work are 
provided here. 
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1.6. Theory of Tribology 
Tribology is defined as the science of friction, wear and the lubrication of interacting 
surfaces under relative motion [9, 10]. This makes the field of automotive engine 
design perfectly suited for the application of tribological theory and practice. 
Tribology has the ability to maximise efficiency in many different applications by 
reducing the friction and wear and by increasing the durability of the surfaces of 
these systems. Within an engine, this translates to the reduction of the fuel 
consumption of the vehicle overall, and a reduction in emissions. The main 
influencing factors within a tribological system are:  
 Physical and mechanical properties – of the surfaces in particular. Many 
advanced surface engineering methods are used to enhance the surfaces of 
components (e.g. coatings, hardening, carburizing, texturing, and polishing). 
This is generally to reduce the friction of the surface and to prevent wear. 
 Lubricants – the viscosity of lubricants is ever under scrutiny and differs all 
over the world in a car engine. The nature of lubricants with regards to 
legislation is tending towards lower viscosity oils. The reactivity of a 
lubricant (and its additives) is also an important factor – extreme 
pressure/corrosion inhibitors/friction modifiers etc. are added to engine 
lubricant and have different interactions with differently treated surfaces 
 Operating conditions – within a car engine environment, of main concern are 
the temperature of the system, speed, pressure, sliding/rolling contacts, 
humidity etc. [9]. 
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This study will concentrate on the surfaces of the valve train components, and pay 
particular attention to the development of DLC coatings. 
1.7. Theory of Plasma in Coating Processes 
The Hauzer Flexicoat 850 system at the University of Leeds employs PVD, PECVD 
and microwave PECVD deposition techniques. The deposition techniques employed 
within this project rely heavily on the use of plasma for a more dense, homogenous 
and uniform structure of the finished coatings. Enhancing the processes using 
plasma increases the deposition rate and overall efficiency, thus a fundamental 
understanding of plasma is necessary and highlighted in this section. 
The plasma primarily increases deposition rate of the process and a separate plasma 
source can be used to etch the substrates before deposition. During deposition the 
plasma provides an ionized transport medium through which the target material may 
travel. Using plasma within a CVD process allows the average temperature to be 
lowered and thus new materials can be deposited and deposited on (for example, 
polymers may be coated). The deposition of DLC in particular benefits from this 
reduction in temperature, allowing harder structures to form at < 400°C rather than 
at the usual CVD operating temperatures which cause the sp
3
 structure of DLC to 
collapse > 400°C [11]. 
A plasma is a quasi-neutral, ionized gas consisting of negatively charged electrons 
and positively charged ions [12]. Plasma is often referred to as the fourth state of 
matter and it is theorized that over 90% of the universe consists of plasma [12, 13]. 
Plasma exists within the universe as interstellar gas, stellar atmospheres, stars, and 
assists in the formation of planetary radiation belts, the sun, solar winds and flares. 
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On Earth, plasma is not formed under normal conditions due to the high 
temperatures and low pressures required for plasma to be sustained. Plasma is found 
on Earth only when such extreme conditions exist, it is seen as lightening, which is 
triggered by an electrical discharge occurring in atmospheric gas, which is ionized 
and greatly heated.  
The recombination rate1 is very high (due to insufficient pressures and temperatures 
on Earth) and as such the lightening exists for a very short period of time. Other 
natural phenomena of plasma on earth are the Aurora shown in Figure 1-5, which 
occur due to highly energised electrons and ions colliding with the atmosphere.  
 
Figure 1-5: Aurora Australis. Picture taken from the ISS. Courtesy of NASA 
The Earth is surrounded by a thick plasma known as the ionosphere at around 100 
km above the Earth‟s surface, and above this is the magnetosphere, which is a layer 
of magnetised plasma [12]. Plasma existing on earth is mainly man made plasmas 
such as fluorescent tubes, fusion plasmas and electric arcs.  
                                                 
1  The recombination rate is the process by which positive ions combine with 
negative ions or electrons to create neutral species. 
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The overall charge in a plasma is said to be neutral since the number of ions and 
electrons is approximately equal. Small deviations can occur on a local scale but 
these fluctuations are corrected by large electric fields produced within the plasma to 
establish charge neutrality [12]. Within a stable structured system such as a solid, 
the ionisation energies of atoms are much larger than their thermal energy, which 
allows it to remain stable. When the thermal energy is increased the material 
changes state from a solid to a liquid to a gas as the atoms become more loosely 
bonded. When the gas phase is heated above 10000 K or close to the atomic 
ionisation energy of the material, the individual atoms of the gas begin to 
decompose into a collection of electrons and ions, and a plasma state is established; 
this is a gradual process [14].  
Plasma can also be generated by passing a potential difference across a cathode and 
an anode; this sustains the plasma and prevents its collapse by sustaining electron 
and ion energies. The particles released by the intense heating of a gas (electrons 
and ions) are not bound by each other but are strongly affected by the overall 
electromagnetic field of the plasma [13]. The plasma is dominated by these 
collective effects, known as long range coulomb interaction forces, which are of 
greater significance than short range forces and interactions between single particles. 
Commonly used within a lab environment, a gas discharge plasma is generated by 
introducing a neutral gas such as argon into an evacuated chamber containing a 
cathode and an anode, a voltage is then applied across the electrodes (of 100s of V) . 
The free electrons in the neutral gas existing due to cosmic rays or background 
radiation become excited by the electric field produced by the potential difference 
across the anode and cathode and are accelerated towards the anode. The electrons 
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gain energy and collide with Ar atoms and ionize them. Equation 1.1 explains the 
reaction that takes place here. 
e  Ar  e  Ar  1.1 
An avalanche effect is created whereby the two free electrons have enough energy to 
bombard further Ar atoms and ionize them. In the PVD process, the Ar
+
 ions are 
attracted to the cathode (target) and collide with the target atoms with enough 
energy to release a target atom and another electron which will go on to further 
ionize the gas, the target atoms are then attracted to the negatively biased substrates 
and deposit. A similar process occurs within PECVD and microwave PECVD; in 
this case the gas used is a mixture of argon and acetylene. The gases are ionised in 
the same way; a high potential difference is generated across the deposition 
chamber, the positive ion species then deposit on the negatively biased substrates. 
This continues and leads to a cascade of ionising collisions, which generates a high 
current density, and allows the plasma to become stable and self-sustaining. The 
avalanche of ionisation is balanced by the recombination of lower energy ions and 
electrons which is the reason a „glow‟ is seen, it as a result of photon emission 
during the recombination of an ion and an electron. Due to the recombination, the 
system experiences a voltage drop and the discharge enters the „normal glow‟ region 
of the glow discharge regime, shown in Figure 1-6. If the voltage is increased, the 
discharge enters into the „abnormal glow‟ region, where sputtering and etching takes 
place. The plasma density here reaches the desired level of 10
15
 m
3 – 1019 m3. 
Decreasing the voltage at this point, and increasing the current density allows 
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thermionic emission of electrons which is used in cathodic arc deposition 
techniques, where the current density is much higher [13, 15, 16].  
The plasma used in most processing environments is known as a cold plasma. The 
individual species are at very different temperatures: electrons can be a few eV, or 
over 10,000 K, whereas the larger ions are much heavier and slow moving and so 
are at a much lower temperature. This gives us a reasonably low average 
temperature and prevents a glow to arc transition (thus avoiding thermal evaporation 
of the cathode and eventual melting).  
 
Figure 1-6: Glow discharge regime [17]. 
In the case of microwave PECVD, microwaves are used to increase the ionisation 
density (or rate) of the plasma and therefore depositing species. Table 1-4 presents a 
comparison between different processes involving plasma and their ionisation rate. 
As can be seen here, the ionisation rate for microwave PECVD is two orders of 
magnitude higher than that of traditional PECVD, which gives it a distinct 
advantage over this process in the form of a much higher deposition rate. This is due 
16 
to the quasi-parallel beam generated by the microwave system; this is described later 
in 2.7.6 
Table 1-4: Comparison of ionisation percentage in different deposition techniques 
[18] 
Process  Ionisation percentage  
PECVD  0.01% 
ECR  1 – 5% 
Microwave PECVD  ~ 10% 
Core of Sun  100% 
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Chapter 2  
Literature Review  
2.1.  Introduction 
In this study the main objective is to develop Diamond-Like Carbon coatings with 
architectures that can withstand the pressures (650 MPa Hertzian contact pressure) 
and temperatures (100°C) found in a cam-follower interface using novel deposition 
techniques. A Hauzer Techno Coating 850 Flexicoat system has been recently 
commissioned at the University of Leeds, which will be used to create the coatings.  
The system incorporates a variety of Plasma Enhanced Physical and Chemical 
Vapour Deposition techniques, which are explained in this chapter.  
2.2. Tribology of Valve Train Components 
The modern valve train system within a passenger vehicle engine includes valves, 
valve springs, valve spring retainers, valve keys, rocker arms, piston rods, tappets 
and a cam shaft as can be seen in Figure 2-1. The valve train is mainly concerned 
with turning the rotary motion of the cam shaft into linear motion; this controls the 
fluid flow into and out of the combustion chamber. There are three common designs 
of the valve train; sleeve valve, rotary valve, and the most popular design, the 
poppet valve which is used by most major vehicle manufacturers [8]. There are 
many interfaces within the valve train that have potential to cause tribological 
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problems: valve guides, valve stem guides, valve seats, lifter guides, piston rings, 
pivots and bearings, the typical values of pressure and velocity are outlined for these 
component in Figure 2-2. 
 
 
 
Figure 2-1: (a) Cross-section through a V6 engine with a valve train mechanism of 
centre pivot rocker arm or centre pivot rocker with a lifter with commonly coated 
parts highlighted in grey:. (b) piston (c) tappet (d) camshaft (e) piston and gudgeon 
(f) valve stem and head (g) rocker arm [8, 19] 
The most crucial interface in the valve train is the cam/tappet interface. This 
interface is notoriously difficult to lubricate, it experiences friction and wear 
problems arising from high pressures and high temperatures (100 - 500°C) [8]. 
Different surface treatments such as coatings, alternative materials and lubricant 
additives are currently being researched in an attempt to combat this issue.  
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Figure 2-2: Typical P-V values of commonly coated engine components. Adapted 
from [20] 
The application focused upon in this thesis is the cam/follower interface; the 
tribological conditions experienced here are presented in Table 2-1. Various studies 
have been undertaken with regards to coatings on a cam/follower interface. Notably, 
Yasuda et al. [21] used ion-plated DLC on steel shims, lubricated using fully 
formulated oils and observed a 45% reduction in friction when compared with a 
traditional phosphate coated shim. However, Lawes et al. [22] found that there was 
no significant difference when using DLC coated shims or the conventional steel 
shims. Nissan [23] have reported successful use of DLC on cam/tappet interfaces 
and claim a 40% reduction in friction, showing that there is great potential in this 
area. 
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Table 2-1: Typical tribological conditions of a cam/follower [24] 
Property Value 
Maximum Temperature 150°C 
Maximum Hertzian contact pressure 600 MPa 
Lubrication regime Boundary 
Tribological condition Rolling/sliding 
 
 
Figure 2-3: Comparison of friction torque vs speed for phosphate, TiN, CVD DLC 
and PVD DLC coated shims against camshaft [21] 
 
Figure 2-4: Comparison of torque vs time for uncoated steel tappet, WC/C-a-C:H 
and a-C:H coating [22] 
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2.3.  Current Materials used in the Valve Train 
The cam shaft itself is traditionally made from varying forms of cast iron with 
hardened cam lobes. The types of cast iron commonly used for this application are 
grey cast iron [25], chilled cast iron and nodular cast iron [20, 26]. Cast iron is used 
due to its low cost and its ready availability. 
The cam follower or shim is commonly made from chilled cast iron  with recent 
advances seeing the introduction of aluminium  shims resulting in a 40% reduction 
of friction  over traditional cast iron shims [27]. Aluminium requires extra measures 
such as coatings to avoid galling on the tappet walls. 
2.4.  Currently Used Surface Treatments  
Current cast iron cam shafts and followers are subject to various surface treatments, 
intended to give the material long life wear resistance and short term running in 
time. Chemical conversion methods are used such as phosphating, oxidation, 
tufftriding and carburising [26], these methods change the surface chemistry of the 
cast iron by introducing different elements (e.g. carbon) to create a metal compound 
at the surface in order to protect it. Methods can that do not change the chemical 
composition of the surface of the material also can be used, such as shot peening and 
metal inert gas welding. Coatings can be applied to the surface for protection, these 
protect the substrate and donate their properties such as hardness, chemical 
inertness, low friction and wear resistance, without becoming the bulk material as 
they are often expensive and not suitable. Methods include: anodising, 
electroplating, high temperature spraying, weld coatings and more recently, the 
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introduction of physical and chemical vapour deposition, which has allowed the 
deposition of metallic and ceramic coatings to become increasingly more popular, 
with the deposition of chromium nitride, titanium nitride, tungsten carbide and 
diamond-like carbon all being introduced to engine components [28].  
More recently, diamond-like carbon has been used as a low friction and low wear 
coating for engine components such as diesel fuel injection systems, pump plungers, 
pistons, piston rings, valve stem and head, and rocker arms. It is seen more 
commonly due to the recent innovations in technology, making the equipment 
needed for the deposition more widely available and more commercially viable, and 
the coatings have become more durable and with more desirable properties such as 
super low friction [28-30] and compatibility with lubricants [31-33]. The 
combination of this new technology and the existing problem seen in the cam tappet 
interface makes for an interesting area of research and potentially a solution to the 
high levels of friction and wear experienced in this application.  
2.5.  Diamond-Like Carbon 
2.5.1. Historical Overview 
Diamond-Like Carbon was first discovered in the 1950s by Schmellenmeier, as 
noted by Donnet [11]. Despite the novelty and high hardness of these coatings, they 
were largely ignored until around 20 years later when Aisenberg and Chabot [34] 
created (and coined the phrase) diamond-like carbon films using a new ion beam 
deposition technique using negatively biased substrates and carbon electrodes. This 
DLC was high in hardness and had unique properties such as scratch resistance and 
were highly corrosion resistant. This sparked an interest in DLC coatings, and 
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research around this area grew steadily throughout the 1980s; more techniques were 
developed, some more successful than others. Arc evaporation techniques 
successfully deposited DLC but with a rather uneven distribution of hardness across 
the coating [35].  
In the mid-1980s, a European and American renaissance took place in the Plasma 
Enhanced Chemical Vapour Deposition (PECVD) of DLC coatings, having 
discovered its widespread use in Russia and Japan [36], the challenge was 
discovered to be in the stabilisation of the sp
3
 content, or diamond-like portion of the 
coatings. During this time, it was correctly predicted that DLC could be potentially 
useful for magnetic recording media [37, 38]. Subsequently, tribological research 
using DLC began to take place on a more frequent basis, as was documented in 
Robertson‟s review article, which summarised the properties and developed 
nomenclature for this area [39].  
The research taking place into DLC began to focus more on the tribological 
properties of DLC as huge arrays of potential applications were discovered [40-44]. 
DLC films with metallic inclusions were made [45], again furthering the range of 
applications, alongside a mountain of review papers published within the area which 
built on the work carried out from the mid-80s –90s [39, 46-48], to the early 2000s 
[18, 49-51] and more recently [11, 52]. 
2.5.2. Structure and Bonding Mechanisms 
Diamond-Like Carbon has an amorphous structure with a network of sp
3
 (diamond-
like) and sp
2
 (graphite-like) bonds which can also include hydrogen and other 
metallic dopants. The physical, chemical and mechanical properties rely heavily on 
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the sp
2
/sp
3
 ratio (this is the graphitic: tetrahedral bonding ratio which dictates the 
properties of the coating) of the coating and upon the amount of hydrogen and 
metallic dopants included. DLC coatings often incorporate hydrogen in amounts  as 
little as 2% or as much as 50%[11, 18]. Hydrogen is included to stabilise the 
structure and this provides additional lubricity to the coating. Too much hydrogen 
can cause the mechanical properties of the coating to suffer due to the sp
3
 bonding 
being inhibited. The sp
3
 (diamond-like) bond is a three dimensional tetrahedral 
structure as can be seen in Figure 2-5. The carbon atoms are bonded covalently, by 
the sharing of electron pairs, this donates strong, hard, stiff, diamond-like properties; 
coatings with hardness up to 90 GPa  have been noted [53]. The sp
3
 bond in this case 
can be formed using low temperature deposition conditions (< 400°C [11]), using 
high ion energies and is metastable. 
a.  b.  
Figure 2-5: a. Tetrahedrally arranged C atoms and b. Graphitically arranged C atoms 
The sp
2
 bond is a two dimensional graphitic structure, as can be seen in Figure 2-5.b. 
This bond occurs naturally in graphite and is characterised by its strong intralayer 
bonding (covalent), yet weak interlayer bonding (Van der Waals). The weak 
interlayer bonding allows the „sheets‟ of strongly bonded carbon atoms to slide over 
one another, this is due to the weak Van der Waals forces (or p bonds) that are 
formed between the layers. This allows for very low coefficient of friction films to 
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be produced (as low as 0.001 [50]). Figure 2-6 shows a ternary phase diagram of 
DLC [18], this shows the ratio of sp
2
:sp
3
:H that occurs within different coatings and 
Table 2-2 shows the mechanical properties of different types of DLC. Robertson and 
O‟Reilly [54] suggest that amorphous carbon consists of sp2 bonded clusters which 
are interconnected by random networks of sp
3
 bonded atoms.  
 
Figure 2-6: Ternary phase diagram for DLC coatings [18] 
Table 2-2: Typical DLC film properties adapted from [19] 
Type 
 
Hydrogen (%) 
 
sp
3
 
(%) 
Hardness 
(GPa) 
Elastic modulus 
GPa 
Diamond 0 100% 100 1144 
Graphite 0 0 0.2 9 – 15 
a-C:H (hard) 30 – 40 40 10 – 20 140 – 170 
a-C:H (soft) 40 – 50 60 < 10 50 
ta-C 0 80 - 88 40 – 90 757 ± 47.5 
ta-C:H 30 70 < 50 300 ± 49 
W DLC 20 ~50 13 100 – 150 
Si DLC 15 60 – 84 14 – 25 100 – 175 
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The term DLC encompasses a broad range of different coatings with varying ratios 
of sp
2
:sp
3
:H and therefore a vast range of mechanical properties. Different elements 
may also be incorporated into the coating, such as Si, W, Ti, and different interlayers 
can also influence the properties.  
It is clear to see that the structure and properties of the coating depend on bond 
types, but this in turn also relies heavily on the deposition type and parameters. The 
key parameters within the deposition stages are: 
 Ion energy – this is the energy of the depositing ions. This energy has an 
optimum value of around 100 – 150 eV [11, 55]. This parameter is controlled 
by the bias voltage. 
 Bias voltage – the negative bias voltage placed on the substrates is used to 
attract the positively ionised species within the chamber in order for them to 
deposit. The bias has been shown to affect the adhesion, hardness, wear 
resistance and compressive stresses within the film [56]. By varying the bias 
voltage, the high compressive stresses that are characteristic of all DLC 
coatings, can be reduced, alongside the amount of sp
3
 bonding [56, 57]. As a 
consequence of this, some of the key mechanical properties of the coating 
such as stiffness and hardness are also reduced due to the sp
3
 content being 
decreased [58]. Despite this, a higher bias voltage can promote a more 
homogenous, dense structure [59], which is important when depositing a 
functional as opposed to a decorative coating. A compromise must be 
reached between the two extremes in order to select the correct bias voltage.  
 Pressure – the pressure within the deposition chamber is a vital part of the 
processing. This parameter affects the amount of defects within the coating 
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and the deposition rate and the stability of the process. An increase in the 
pressure allows for a higher deposition rate. Choi et al. [60] discovered a 12 
fold increase in deposition rate when raising the chamber pressure from 0.3 – 
2 Pa; an increase in surface roughness and a decrease in key mechanical 
properties such as hardness and elastic modulus was also noted. Lower 
pressures allow the mechanical properties to remain at a desirable level and 
the inclusion of unwanted impurities are eliminated, but this is at the cost of 
a lower deposition rate. 
 Temperature – the temperature within the chamber and of the substrates is an 
important factor, especially when depositing DLC. DLC is extremely 
sensitive to temperatures above 600°C [11] due to the metastable nature of 
the sp
3
 sites within the coating. Above this temperature, these sites collapse 
into an sp
2
 matrix. A cold working plasma can be used in order to decrease 
the temperature. A decrease in temperature has been shown to increase the 
sp
2 
/sp
3 
ratio [61], whilst leaving the properties of various interlayers 
unaffected.  
 Gas Type – The hydrocarbon gas used to deposit DLC can vary. In general, a 
low hydrogen/carbon ratio gas is chosen in order to minimize hydrogen 
content within the finished coating, a gas such as acetylene or benzene. 
Acetylene is commonly used as it has a low ionisation energy and a high 
deposition rate. Acetylene has CC bonds meaning that it has a simple 
dissociation pattern and experiences much less plasma polymerization [11, 
18]. The different types of hydrocarbon gases that can be used for this 
application, their ionisation potentials and deposition rates are presented in 
Figure 2-7.  
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Figure 2-7: Deposition rate of DLC vs ionisation potentials of different hydrocarbon 
gases used in processing [18] 
Other factors such as the substrate material [62, 63], gas type [11] and deposition 
time can also affect the properties of the coating. 
The deposition process and more importantly, the ion energy govern the 
characteristics of the DLC coating. The sp
3
 content in pure a-C relies on a sub-
plantation process, this process occurs when an incoming C ion gains a high enough 
energy to break through the outer layer of the substrate and gives rise to subsurface 
growth [11]. This causes localised densification and high stresses, and as such is a 
metastable phase which can be affected by high temperatures and high pressures. 
This structure occurs at a C ion energy of around 100 eV, because the structure of 
sp
3
 bonded carbon is metastable, lower ion energies cause sp
2
 bonds to form, which 
stick to the surface rather than sub-planting due to their lower energy; higher energy 
ion collisions also cause the structure to relax into the lower energy state sp
2
 
orientation. The growth of a-C:H films is similar to this process but slightly more 
complex than pure a-C due to the inclusion of H and other radicals (see Figure 2-19) 
[18]. The ion bombardment causes the abstraction of H while another is 
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incorporated into the film as an addition to dangling C bonds, and so does not 
decrease H content. Increasing ion energy causes a decrease in H content and also in 
sp
3
 sites. The sp
3
 content however does not decline as fast and therefore a maximum 
energy can be reached, this is where the hardness and elastic modulus reach a 
maximum. Bias voltage, plasma energy and microwave energy also affect the ion 
energy. 
2.5.3. H/E ratio 
Theories of wear regard the hardness of a coating or material as an important factor 
[64], however it has been noted in the literature that the elastic modulus of a material 
must not be ignored when attempting to predict the wear resistance [65-69]. Leyland 
and Matthews have drawn attention to the importance of the H/E ratio and explored 
it in great detail [70, 71]. The H/E ratio is included in the plasticity index of a 
material, this describes the materials ability to deform plastically in the face of an 
abrasive [70, 72], which in turn has been linked to the elastic strain to failure as a 
prediction of the coatings wear performance. For hard coatings exhibiting similar 
H/E ratios, those with lower elastic modulus have been found to outperform those 
with higher elastic modulus with regards to wear performance [73]. Musil et at. have 
suggested that coatings with high hardness with a H/E ratio of over 0.1 and a low E* 
(where E* = E/(1-υ)) are preferred for wear-resistant applications [73, 74]. 
Leyland et al. [70] agree with this, describing a high H/E ratio as being an indicator 
of the wear resistance of a coating, with the exception of coatings with ultra-high 
hardness (> 70 GPa), as these have a high elastic property mismatch between 
coating and substrate. Diamond has a H/E ratio of 0.1, whereas DLC can have H/E 
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ratios over 0.16 [18] which suggests excellent wear rates, however this isn‟t always 
the case in practice [75-77].  
Musil‟s [74, 78] work has proven the H/E* ratio including low elastic modulus of a 
material to be effective as can be seen in Figure 2-8, whereby the coatings with a 
high hardness and lower E* demonstrate a resistance to cracking, as is shown in the 
yellow regions. This experiment was carried out using Al-O-N coatings deposited on 
Si(100) substrates, where We is the elasticity and τO2 is the length of the oxygen 
pulse used in the deposition process. 
 
Figure 2-8: H, E, We and H/E ratio of Al-O-N coatings and their resistance to 
cracking using a diamond indenter. [74] 
2.5.4. Adhesion  
High energy ions bombard the substrate during deposition in order for film growth 
to occur. This promotes the formation of sp
3
 sites and introduces high compressive 
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stresses into the structure, which are characteristic of DLC coatings [57]. High 
internal stresses promote poor adhesive properties of the coating to the substrate, 
especially when subjected to thermal expansion and contraction [79], and where 
there is thermal and plastic mismatch between the DLC and the substrate [80]. The 
thickness of a majority of tetrahedral (ta-C) DLC films is limited to around 0.1 – 0.2 
μm [81] due to the high internal stresses generated by the deposition process. a-C:H 
with a mixed ratio of sp
2
/sp
3
 sites is limited to around 3 m.  
Adhesion is of fundamental importance to the durability and quality of DLC 
coatings, and as such, the reduction of internal stress has become an important factor 
in DLC research [11]. Many different methods have been suggested and are 
currently being used to combat this issue. Methods such as plasma pre-treatment 
(etching) of the surface, thinner carbon layers, interlayers to act as adhesion 
promoters which allow a gradual change in thermal expansion coefficient 
throughout the structure (such as Cr, CrN, TiN, WC, SiC etc). Functional gradient 
layers have also been developed which introduce carbon gradually before the final 
DLC layer. These have been found to improve adhesion [62]. 
Elements can be doped into the coating structure to enhance adhesive properties 
(such as W, Ti, Mo, WC, Cr, etc.). Whilst improving the internal stress within the 
structure, they can also aid other mechanical and lubrication properties of the 
coating [11, 18], the incorporation of tungsten in DLC has been shown to reduce the 
coefficient of friction of the surface (in fully formulated lubricant) by up to 50% 
[82]. Examples of the adhesion of coatings tested using a scratch tester can be seen 
in Table 2-3. 
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Table 2-3: Examples of critical load values taken from scratch testing of different 
types of coating 
Coating Critical Load (N) Substrate Reference 
CrN 4 – 18 Stainless steel/Si wafer [83] 
Ti/TiN 10 – 30 Si wafer [84] 
r.f. PECVD DLC 8 – 15 
Cr6 Steel [85] 
PVD/CVD DLC 15 – 30 
Ti-DLC 10 – 35 
W-DLC 8 – 26 
Si-DLC 8 - 20 
The structure, interlayers and dopants included in DLC govern the properties of the 
finished coating. Subsequently, the recipes and deposition parameters will be 
compiled using the experienced advice of Hauzer, and knowledge gathered from the 
literature surrounding this area to create coatings with good friction and wear 
properties, whilst offering performance required within a cam/tappet environment. 
DLC coatings have found many industrial applications such as: 
 Bearings (friction reduction) [86-88] 
 Razor blades (prolonged life) [88-90] 
 Automotive components (for both racing and selected production vehicles) 
[11, 19, 88, 91] 
 Magnetic storage media (improved tribological properties) [87-89, 92] 
 Biomedical applications (protection from metallic ion release) [52, 88, 90, 
92] 
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These applications provide us with an important area of research looking toward the 
advancement of these and more tribological applications. 
2.5.5. Deposition Parameters and Typical Properties of DLC Coatings 
Typical parameters have been obtained from literature surrounding DLC coatings 
shown in Table 2-2, the full table of results found from various sources can be found 
in Table 2-6 Table 2-7 and Table 2-8. The properties of the deposited coatings are 
expected to fall within the bounds presented in Table 2-2 and meet the criteria found 
in the literature. Table 2-6 Table 2-7 and Table 2-8 have been compiled using 
various sources from the literature (as shown) and provide a comparison between 
differing deposition parameters and end results. As is evident from the tables 
containing the literature values, there are many parameters which influence the 
coating. A bias voltage above 100 V has been postulated to lower the sp
3
 content of 
the films, introduce high stresses and has a negative effect on the hardness and wear 
resistance of the film [56, 58, 93]. However, low bias voltage (50 – 100 V) can 
produce softer coatings; an optimum value for this must be found for each piece of 
deposition equipment. 
There are some values missing within the table, due to the lack of information in the 
literature, but enough information is presented to gain a general view of the numbers 
used within processing and the potential and expectations from DLC coatings.  
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Table 2-4: Properties of ta-C from the literature (FC – Filtered cathodic arc 
deposition, AI – Arc Ion plating) 
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ta-C FC 0 0.2  59     [94] 
ta-C FC -100 0.2  59     [94] 
ta-C FC -500 0.2  59     [94] 
ta-C FC -200 0.2  59     [94] 
ta-C FC -85   52   0.09  [56] 
ta-C FC -300   35   0.07  [56] 
ta-C AI  0.5 650 65   0.07 PAO [29] 
ta-C AI  0.5 650 65   0.08 5w-
30 
[29] 
ta-C AI  0.5 650 65   0.02 PAO 
+ 
GMO 
[29] 
ta-C FC  -   1.60 
x10
-17
 
1.10 
x10
-17
 
0.05 API 
group 
III 
Base 
Oil 
[95] 
 
Table 2-4 shows data from the literature concerning ta-C, from which, the following 
can be summarised: 
 ta-C is most commonly deposited using filtered arc and arc ion plating. 
 It has a characteristically high hardness and elastic modulus (> 59 GPa in 
literature reviewed). 
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 ta-C has a tendency to be considerably thinner than a-C:H deposited using 
PECVD (commonly around 2 – 3 µm thick as seen in Table 2-5. 
  This could possibly be a limitation of the process. 
 Has a wide range of friction values, from 0.09 – 0.02. However, super-low 
friction was found in the presence of a high wt. % of GMO, friction 
modifier. 
Table 2-5 presents data from the literature concerning a-C:H coatings. From this, the 
following can be surmised: 
 a-C:H is most commonly produced using PECVD. 
 Has a higher thickness in comparison to ta-C, this could be due to the high 
residual stress in the ta-C coating being a limitation. 
 a-C:H is lower in hardness than ta-C, and also has a lower elastic modulus. 
 Both a-C:H, ta-C and the microwave produced a-C:H (from limited data) 
showed similar coefficients of friction. 
 Low wear rates are seen amongst the a-C:H presented here, with values of 
10
-19
 m
3
/Nm. 
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Table 2-5: Properties of a-C:H from the literature (M – Magnetron sputtering, PE – 
PECVD) 
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a-C:H M 3.5 110 8.8 9x10
-8
  0.15  [96] 
a-C:H 
20%H 
PE 1   2x10
-18
 NMW 0.09 API group 
III Base 
Oil 
[95] 
a-C:H 
20% H 
PE 1     0.09 PAO + 
GMO 
[29] 
a-C:H 
30%H 
PE    D 4.4 x10
-19
 0.1 PAO + 
Secondary 
ZDDP 
[77] 
a-C:H 
30%H 
PE    9.2x10
-19
 9.5 x10
-19
 0.057 PAO + 
Moly 
Dimer + 
Secondary 
ZDDP 
[77] 
a-C:H 
50% H 
PE 3 130 16  7 x10
-20
 0.045 PAO + 
MoDTC + 
ZDDP 
[97] 
a-C:H 
50% H 
PE 3 130 16  1 x10
-17
 0.075 PAO [97] 
a-C:H 
50% H 
PE 3 130 16  1.2 x10
-18
 0.05 PAO + 
MoDTC + 
ZDDP 
[97] 
a-C:H 
50% H 
PE 3 130 16  7 x10
-18
 0.1 PAO [97] 
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Table 2-6 Properties of a-C:H deposited using microwave PECVD (MP) 
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a-C:H MP 0 –  
-150 
 160 - 200 16   [98] 
a-C:H MP -150   25   [99] 
a-C:H MP 0 –  
-350 
  5 - 30   [100] 
a-C:H MP -375 –  
-550 
 174- 186 14 - 16 .7 – 1.5 dry [101] 
a-C:H MP  1     [102] 
a-C:H MP -100  132 - 160 15 - 19   [103] 
a-C:H MP -125 – 
-250 
  13 - 25   [104] 
 
From Table 2-6, which is comprised of data from the literature concerning a-C:H 
created using a microwave PECVD method, the following can be summarised: 
 High hardness relative to that found in the a-C:H (Table 2-5) has been shown 
(> 16 GPa). 
 Friction coefficient of 0.7 is comparable to that found in PECVD DLC 
(Table 2-5) however very high friction values of 1.5 were found but this was 
in dry sliding conditions where the microwave PECVD coatings are 
concerned, whereas in the PECVD coating test, friction modifier was used, 
alongside a lubricant and so thee values cannot be compared directly. 
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 The microwave PECVD DLC coatings have comparable properties to those 
created using PECVD, whilst having the advantage of a much lower 
deposition time (~ 15 minutes compared with 2.5 + hours PECVD). 
Table 2-7: Properties of tungsten doped DLC from the literature (PE – PECVD, M – 
Magnetron sputtering) 
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a-C:H:W 
15%H 
PE 1   4.40 
x10
-17
 
1.00 
x10
-17
 
0.06 API group 
III Base 
Oil 
[95] 
a-C:H:W 
15% H, 
12% W 
M  135 
± 5 
1183 
± 80 
11.2 
x10-17 
0.93 
x10-17 
 Base Oil [10
5] 
 0.11 
x10-17 
0.02 
x10-17 
 Base oil + 
ZDDP 
 
a-C:H:W  
15% H,  
14% W 
M  140 
± 7 
1250 
± 80 
0.73 
x10
-17 
12.0 
x10
-17 
 Base Oil [10
5] 
 1 x10
-17
 8.67 
x10
-17
 
 Base oil + 
ZDDP 
 
a-C:H:W 
15% H  
18% W 
M  165 
± 3 
1318 
± 35 
8.8x10
-17 
1.04 
x10
-17 
 Base Oil [10
5] 
 2.9x10
-17
 0.5 x10
-
17
 
 Base oil + 
ZDDP 
 
a-C:H:W  
15% H,  
21% W 
PE  118 
± 6 
1190 
± 60 
14.4 
x10
-17 
0.85 
x10
-17 
 Base Oil [10
5] 
12.7 
x10
-17
 
0.72 
x10
-17
 
 Base oil + 
ZDDP 
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Table 2-7 shows data from the literature concerning tungsten doped DLC and the 
following summary comments can be made: 
 A higher sliding wear rate than the PECVD DLC was noted. 
 Has a lower hardness relative to the PECVD DLC and Microwave DLC. 
Table 2-8: Properties of silicon doped DLC as in the literature (PE – PECVD, M – 
Magnetron sputtering) 
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Si DLC PE 1  2.00 x10
-18
 1.00 x10
-18
 0.01 API 
group III 
Base Oil 
[95] 
Si DLC M 3.5 1235 
K0.1 
  0.08  [10
6] 
Si DLC M 0.6 1761 
K0.1 
  0.15  [10
6] 
Si DLC M 1.4 1325 
K0.1 
  0.11  [10
6] 
Si DLC M 0.5 1430 
K0.1 
  0.12  [10
6] 
Si-DLC M  30 – 
40 
GPa 
0.6 – 0.9 
x10
-15 
 0.06 
– 
0.15 
Dry [10
7] 
Si-DLC M/P
E 
    0.06 
– 0.2 
Dry [10
8] 
 
Table 2-8 presents some data from the literature regarding Si-DLC. The following 
principal points can be made about these data: 
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 On the whole, the friction coefficient is larger than that seen in a-C:H in 
Table 2-5. 
All of the literature values presented in tables 2-4 – 2-8 have differing friction values 
which rely on the coating and also on the counter face material, for example, in the 
case of DLC sliding against DLC this value will be much lower than DLC sliding 
against a steel counterface [95]. Thus these values are a function of the counterface 
and sliding conditions, and must be viewed as such. 
2.5.6. Tribochemistry of DLC 
ZDDP was first used by Lubrizol in 1941 as an antioxidant additive, its anti-wear 
properties were discovered around 15 years later in 1955, when it was discovered 
that less wear problems on the cam follower interface where ZDDP was included in 
the oil, this led to the rapid uptake of ZDDP in engines oil [109]. The mechanism of 
ZDDP protection of ferrous surfaces is well understood, however, this is not the case 
when applied to DLC coatings.  
2.5.6.1. The Anti-Wear and Extreme Pressure Performance of 
ZDDP 
The anti-wear tribo-film formed by ZDDP also acts as an extreme pressure additive; 
this property is useful in environments such as the cam/follower interface where the 
elastohydrodynamic lubrication film breaks down [110] . The physisorption of 
ZDDP is said to begin at around 50°C, and the chemisorption, or the chemical 
reaction of the component with the surface (Fe material) at 80°C [111] . ZDDP is 
said to be more effective on harder surfaces, and that better wear protection is 
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achieved where there is only a small difference in hardness between the two 
interacting surfaces [111, 112]. 
2.5.6.2. The Chemical Composition of a ZDDP Tribo-Film on 
Ferrous Surfaces.  
The tribo-film created by ZDDP is said to consist of varying chain length 
phosphates, originally proposed by Bell et al. [113] is shown in Figure 2-9. The 
lower layers of the film here are shown to be iron sulphides and oxides.  
 
Figure 2-9: Structure of ZDDP as proposed by Bell et al. [113] 
A three step mechanism for the decomposition of ZDDP and the formation of a 
protective tribo-film was hypothesised by Yin et al. [114].  
 ZDDP is physisorbed onto the steel surface. 
 Reaction between ZDDP and oxides forms zinc metaphosphate, Zn(PO3)2 
and a small portion of zinc sulphide.  
 FeZnP2O7 forms as pyrophosphate and FeZn(PO4)2 forms as an 
orthophosphate. 
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It was also hypothesised at this time that the final steps in this reaction occur slowly, 
and that the long chained phosphate forms and due to the interaction of the two 
surfaces these are broken down into 7short chain polyphosphate. 
In contrast to this, Martin et al [115] found that, although there was a similar 
structure, no oxide/sulphide layer existed within the ZDDP tribo-film. A model of 
formation based on the HSAB (Hard Soft Lewis Acid Base) – which is the theory of 
stability of compounds and reaction mechanisms: it tells us that hard acids (small 
species with high charge and are non-polarisable) react faster and form stronger 
bonds with hard bases and that soft acids (larger species with low charge and are 
strongly polarisable) react faster and form stronger bonds with soft bases - was 
formed, highlighting the possibility of iron oxide wear particles being digested and 
eliminated by the formation of Fe/Zn phosphates. Fe
3+
 is a harder Lewis acid than 
Zn
2+
 and this exchange is more favourable based on the HSAB principle highlighted 
above, and since phosphates are hard bases which will preferentially react with hard 
acids, iron and phosphate will react and form a tribo-film. The composition of the 
proposed tribo-film by Martin et al. is seen in Figure 2-10. 
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Figure 2-10: Composition of ZDDP tribo-film as proposed by Martin et al.[115] 
The structure of ZDDP on a steel substrate is described by Spikes [109] as being a 
„pad-like‟ structure shown in Figure 2-11.  
 
Figure 2-11: Pad-like formation of ZDDP derived tribo-film on ferrous materials 
[109] 
It is this structure that protects the surface of a substrate during sliding and is under 
much debate as to whether it forms on a DLC interface, due to the inert nature of 
this coating. For example, the inertness of the DLC was documented by Kano et al, 
[116] whereas Miayake et al. [31], de Barros‟ Bouchet et al. [97] and Equey et al. 
[117] all found ZDDP tribo-films at DLC/DLC and DLC/steel interfaces.  
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Haque [77] found that the addition of the anti-wear additive ZDDP and friction 
modifiers moly dimer and moly trimer were crucial to ensure the protection of 
hydrogenated diamond-like carbon coatings sliding against cast iron, and found a 
ZDDP derived tribofilm at the surface of the DLC. He notes that the wear 
mechanism for the removal of the coatings in certain cases is due to the wear 
induced graphitisation at the surface of the coating induced by increased pressure, 
this area then being removed due to the tribological contact conditions. During 
similar testing, a transfer film consisting of graphitic carbon species was detected on 
a cast iron counterbody [118], indicating that the friction protection of the lubricant 
additives was supplemented by the transfer film.  
The anti-wear additive ZDDP was found to have a large impact on the performance 
of the coating when used alone, where the wear mechanism was found by AFM to 
be that of primarily polishing wear, but when other lubricant additives were added, 
this performance was compromised. The addition of moly dimer into the system 
changed the wear mechanism to that of third body abrasion, which resulted in 
grooving of the coating [118, 119], this was also found to be the case for Mistry et 
al. [120]. 
Yasuda et al [21]. noted that a-C:H experienced high friction values (0.11) whereas 
non-hydrogenated a-C gave a lower value of 0.07 [116] both in the presence of 
engine oil 5W-30. They found no tribofilm on the a-C coating, although this was 
present against the counter-body (steel AISI 52100).  
Conflicting views are widely present within the literature as to the tribochemical 
reactions between DLC coatings and lubricant additive. Since the term DLC 
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encompasses a wide variety of coatings, it cannot simply be said that DLC forms a 
tribofilm, since it is clear that the vast array of surface chemistry alters the 
tribochemical reactions within the lubricant. The additive interactions are therefore 
wholly dependent on the nature of the tribo-couple, and the optimum performance of 
the lubricant and surface characterisation will rely on coating-specific investigation. 
2.6. Surface Preparation 
The substrate surface is one of the most important factors in deposition and film 
formation; it must be of measurable and reproducible quality, free from surface 
defects, dirt and grease. The main concern when preparing the surface for any kind 
of coating (be it PVD, PECVD, Electroplating etc.) are contaminants on the surface. 
A contaminant can be a particulate species present on the surface, an entire oxide 
layer formed (usually on more reactive species) or grease left from fingerprints.  
The properties of the deposited film depends heavily on the condition of the 
substrate surface, important factors include: 
 Surface roughness [121, 122] 
 Contaminants [123, 124] 
 Surface composition [125, 126] 
 Preferential nucleation sites [127] 
 Thermal coefficient [128] 
In order to reduce surface contamination, the surface must be cleaned. Pre-treating 
surfaces is of paramount importance, any residual particles or grease can affect the 
coating adhesion and properties, creating atomistic displacements, pin holes and 
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delamination points, all of which can cause the coating to fail. For example, an 
entire oxide layer on the surface of a substrate may prevent electrical contacts being 
made, cause low nucleation density and promote the poor adhesion of the film to the 
surface. Single particulate contamination (or local contamination; grease, 
fingerprints, dust) can cause poor adhesion of the coating to substrate on a local 
scale, and also be the cause of pinholes, surface inclusions etc. [129, 130]. 
Atomically clean surfaces can be achieved but this can be expensive and time 
consuming (especially when considering possible contamination in the deposition 
chamber, room etc.) and often unnecessary; usually an acceptable level of 
contaminants remain on the surface. There are multiple ways to clean a surface to 
prepare it for coating, a few are outlined below: 
Degreasing: The degreasing stage of cleaning removes dirt, soil and grease from the 
surface using a solvent, an alkaline or a mild acid. The substrate can then be 
immersed in to a solution, be brushed or sprayed onto the substrate or the solution 
can be degreased using vapour [129, 131]. 
Ultrasonic cleaning: Ultrasonic cleaning uses cavitation to clean a surface. High 
temperatures and very high pressures local to the surface of the substrate, which then 
erodes the surface and removes contamination [124]. 
Abrading: Harder surface contamination layers, such as oxide layers can be removed 
by abrasive techniques, i.e. sand blasting, shot peening, sanding etc [129].  
Plasma Etching: Plasma etching uses a high energy plasma in order to remove rather 
than deposit atomic layers by bombarding the substrate surface. Deposition and ion 
implantation are avoided by using low energy ions. Etching not only cleans the 
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surface but also activates the substrate surface and improves adhesion of the 
coatings, it has been reported that the optimum duration for argon etching for DLC 
is 15 minutes [126]. The etching achieved with plasma is generally isotropic due to 
the nature of plasma. Little atomic damage occurs when plasma etching and so this 
will be used before any coating is applied to the samples. 
Metal Ion Etching: Ion etching is a purely physical process, which accelerates metal 
ions towards the substrate surface. Since this process is very directional, selective 
etching can be easily achieved with the correct equipment [132].  Atoms are 
physically knocked from the substrate by the high-energy ions (energies of several 
hundred eV); this causes severe lattice damage within the upper atomic layers of the 
substrate, can also cause implantation of the ionized species and due to the high ion 
energies, heats the substrate to high temperatures which may further damage the 
structure. A more reactive species can be used during ion beam etching; this is 
commonly used to achieve the chemical reactivity seen in plasma etching and the 
physical bombardment of ion beam sputtering to combine the desirable properties of 
both.  
2.7.  Deposition Techniques 
2.7.1. Physical Vapour Deposition by Magnetron Sputtering 
Physical Vapor Deposition (PVD) is an atomistic deposition process whereby 
coatings are formed by the evaporation or sputtering of atoms from a target in a low 
pressure environment. The ionized gas (in this instance, argon) atoms collide with  
the target materials and eject metal ions, these are then attracted to the substrates by 
a negative bias voltage which is applied to the table, in addition with an array of 
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permanent magnets and electromagnetic coils. These direct the ionized species 
towards the substrates ensures a greater efficiency of deposition than the bias 
voltage alone. This mechanism is illustrated in Figure 2-12. 
 
Figure 2-12: Schematic of sputtering PVD process 
Target materials can be of any composition; elements, alloys or compounds can all 
be deposited this way [129]. Alloys and compounds must be of a homogenous 
structure to achieve uniform deposition on the substrate. Target materials must be as 
pure as is needed for deposition, in some cases, cost is a bigger issue than 
performance, in this case lower purities can be used (~96%), however, for highly 
functional applications, 99.999% pure targets are used [129]. 
2.7.2. Arc Deposition 
Cathodic arc deposition is another method of coating deposition and is employed 
within many industries. It is a potential rival for microwave enhanced plasma 
chemical vapour deposition and relies on different deposition mechanisms. 
A cathodic arc produces a plasma discharge at a high current density (>10
10 
A/m
-2
) 
and at a low voltage (10 – 40 V), thus falling in the thermal evaporation region of 
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the glow discharge regime shown in Figure 1-6. Two electrodes are brought together 
for a short period and then separated to initiate an arc. A cathode spot2 develops on 
the cathodic electrode due to the high current density (10
4
 – 108Am-2) at these 
locations, the current is concentrated over an area roughly 1 – 10 μm diameter that 
appears to scan across the cathode, - however a cathode spot is only present at the 
same location for around 10 ns – 1 μs - and many can be produced. Very high levels 
of ionisation are achieved and where more cathode spots are present a more dense 
plasma is generated. The plasma created flows away from the cathode via an 
explosive emission process and is attracted to the negatively biased substrates; this 
creates a self-sustaining discharge [133]. Most of the depositing material produced 
from the arc is in vapour form; however some escapes as larger globules of the 
material commonly referred to as macro droplets. The macro droplets are expelled 
from the cathode in molten form and quickly solidify in their path to the substrate. 
The presence of macro droplets in the finished film can adversely affect the overall 
properties by introducing internal stresses and delamination points. Filters are used 
to stop the macro droplets being incorporated into the coating, as can be seen in 
Figure 2-13. One common solution to this problem is a non-line of sight deposition 
systems such as Figure 2-15 as used by IBM [134]. 
                                                 
2 A cathode spot is a region of high current density.  
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Figure 2-13: Mechanism of PVD by arc deposition 
In the case of a metal film, macro droplets can easily be caught on the walls of the 
chamber which often act as anodes when being filtered, but the DLC is not affected 
by the electric fields and so the macro droplets generated „bounce‟ off the filtering 
duct wall and can be incorporated into the coating, creating highly stressed regions 
and delamination initiation sites, therefore several different methods have been 
developed to combat this occurrence.  
One solution to this problem has been developed; a T-shaped device with an 
electrostatic trap developed by Kamiya et al. [135], improving on their previous 
work trapping macro droplets in to an “end pocket” located at one end of the T-
junction [136]. They have found that by trapping the droplets this way, a macro 
droplet concentration in the produced coating over 0.1mm
2
 can be reduced from a 
linear filtered arc deposition system where 3400 droplets were recorded [136], the 
end pocket concentration was recorded as 40 macro droplets [136], and this number 
was further reduced when using the electrostatic trap to 15 macro droplets [135] 
which is a great improvement on both the end pocket and linear results.  
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Various methods can be used in order to combat the macro droplet incorporation 
into the final coating [134, 136-139]. Two popular methods are; shielding: this 
method involves physically blocking the path of the macro droplets in a line of sight 
system, to prevent the droplets from reaching the substrate, as seen in Figure 2-14 
[138]. This method is the simplest to achieve but some macro droplets tend to arrive 
at the substrate, this also limits the geometry of the substrate significantly [138]. ta-
C coatings are produced using this method. 
 
Figure 2-14: Physical line of sight deposition [138] 
Non-Line-of-Sight Systems are also a solution to the macro droplet incorporation 
into DLC coatings; this method is to physically move the target and the substrate so 
that the deposition is not line of sight. The macro droplets then deposit on the walls 
of the chamber instead of the substrate, or a magnetic coil system is used to trap the 
droplets whilst steering the bulk plasma towards the substrate.  
IBM have devised a system to deposit ta-C3 onto the surface of compact disks as a 
protective layer [139]. In this set up the substrate is at 120° to the target as shown in 
Figure 2-15. 
                                                 
3 Tetrahedral amorphous Carbon 
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Figure 2-15: Schematic of IBM non-line of site cathodic arc deposition system [139] 
Takikawa et al. [134, 136] have designed some filtered arc mechanisms. The 
methods are the „bent knee‟ structures and other non-line of sight methods are all 
rather large, space consuming systems. More compact systems use a filtered arc 
system which incorporates a „radial arc source‟ and the target is at 90° to the 
substrate, with a large hexagonal „honey comb‟ structured baffle placed in the path 
of the plasma to catch the macro droplets emanating from the target.  
2.7.3. High Power Impulse Magnetron Sputtering 
High Power Impulse Magnetron Sputtering (HiPIMS) is a relatively new technique 
which is incorporated into the Flexicoat 850 deposition system at the University of 
Leeds. HiPIMS is a recent advancement in magnetron technology, with the first 
publication released in 1999 by Kouznetsov [140], building on work carried out by 
Bugaev [141] and Fetisov [142]. This technique may be used to deposit higher 
density and more homogenous coating structures and potentially provide better 
adhesive layers for DLC coatings. 
HiPIMS began to make headway with the publication of the much cited Kouznetsov 
paper of 1999 [140], bringing HiPIMS into the view of researchers after quantifying 
53 
the high level of ionisation observed, target utilization and uniformity of the films 
produced. Since the initial discovery, much research in this area has been 
concentrated between Sheffield Hallam University [143-145] and Linköping 
University, Sweden [146]. 
HiPIMS (High Power Impulse Magnetron Sputtering) is an ionized physical vapour 
deposition process. In comparison to DCMS (Direct Current Magnetron Sputtering), 
HiPIMS has a very high rate of ionisation of the sputtered material which is crucial 
to deposition quality and film characteristics. However HiPIMS has a much lower 
deposition rate in comparison to DCMS. HiPIMS uses a much higher power density 
than DCMS; this is delivered in short pulses to prevent melting of the target by 
keeping the average power density low. A higher power density gives a much higher 
plasma density, thus more of the target species is ionized and this gives a much 
denser coating and better thickness uniformity; the plasma density is around 10
15 – 
10
19
 m
-3
, compared to DCMS at ~10
15 
[147].  
The high power density (~3 kW cm
-2
 [148]) is delivered to the cathode in pulses 
ranging from 10 – 100 µs, at a frequency of 50 – 200Hz [149] for deposition. 
Results from Sheffield Hallam University [149] have been promising, in that 
smooth, defect free surfaces have been observed with excellent repeatability. 
Sheffield Hallam and Linkoping have combined in their research efforts and are 
currently looking into the possibility of combining standard UBM systems with 
HiPIMS within the same machine, as the industrial likelihood of adopting HiPIMS 
in its current state is poor; with a deposition rate of around 25 – 35% that of standard 
DCMS [150]. 
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2.7.4. Plasma Enhanced Chemical Vapour Deposition 
Plasma Enhanced Chemical Vapour Deposition (PECVD) is derived from a much 
simpler process, Chemical Vapour Deposition (CVD), which involves the deposition 
of a coating on to heated solid substrates from a chemical vapour reaction of gases 
[151]. Like PVD, this process is atomistic by nature. CVD allows the deposition of 
materials onto geometrically complex shapes as it is not a line of sight process, 
unlike PVD. Thick coatings can be produced using this method and a high 
deposition rate can be achieved. The gas used during a CVD process and its waste 
products are often toxic and must be handled correctly, this is a disadvantage of the 
process and can be costly. CVD generally has a higher deposition rate than PVD, it 
can be a more economical process and its sensitivity to vacuum conditions are much 
lower than that of PVD [129, 151]. 
Plasma Enhanced Chemical Vapour Deposition (PECVD) is a process by which 
coatings are deposited by an enhanced form of chemical vapour deposition. 
Chemical vapour deposition is commonly used in the semiconductor, tooling and 
decorative coatings industry [151], images of components commonly coated using 
DLC are shown in Figure 2-16. 
 
Figure 2-16: Common engine components coated using DLC, including piston rings, 
shims and valve lifters  
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PECVD is a process that is initiated by the introduction of a gas into the deposition 
chamber (in this study acetylene is used). The gas is then ionised using a large 
potential difference across the chamber. This is a negative voltage which is applied 
to the substrate table, known as a bias voltage. The substrate table is electrically 
isolated from the rest of the deposition chamber, which is grounded. This provides 
the system with enough energy to ionise the acetylene gas and to attract the 
positively ionised species to the negatively biased substrates where it is deposited.  
The plasma in this instance is a „cold‟ working plasma, thus allowing deposition to 
take place at much lower temperatures than in a conventional system and broadening 
potential substrate materials, for example, polymers can be coated using this 
method. Using a plasma in the chamber increases the ionisation density of the gases 
and therefore the coating deposition rate. During this PhD, a relatively new method 
will be used in the deposition of DLC coatings; Microwave Plasma Chemical 
Vapour Deposition (Microwave PECVD). Using microwave energy, the plasma has 
an even higher ionisation density, this further increases deposition quality and rate. 
Microwave PECVD will be combined with PVD techniques to create coatings that 
are durable, adherent, have desirable properties, such as hardness and low friction, 
and are applicable to automotive applications. 
2.7.5. Microwave Plasma Enhanced Chemical Vapour Deposition 
One of the main focuses of this study will centre on the novel PECVD technique 
utilising microwave power to enhance Plasma Enhanced Chemical Vapour 
Deposition. The microwave head and microwave power supply (Muegge MH2000S 
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– 212BB and Muegge MX2000D – 110LL, respectively) on the deposition system at 
the University of Leeds can be seen in Figure 2-17. 
Over the past 20 – 30 years, plasma processing in the field of surface coatings has 
been applied both on a research and an industrial scale. Plasma processing is now 
commonplace within the coatings industry and methods to improve the quality and 
deposition rate of processing is of vital commercial importance [150, 152]. Research 
into the Microwave enhancement of Plasma Enhanced Chemical Vapour Deposition 
has been carried out over the course of this time. Microwave energy can be used to 
introduce more energy into the system and therefore a high ionisation density 
without adversely affecting the end coating. Rossnegal et al. [153] have described 
different methods of generating and sustaining microwave plasma, from the 
fundamentals to configuration parameters for sustaining a plasma, mainly 
concerning an electron cyclotron resonance process (a process used commonly in 
research areas but rarely in industry). The advantage of using electron cyclotron 
resonance is that it is able to confine multiply charged ions in an area for a time 
period that is sufficient for multiple collisions to take place, which therefore leads to 
a higher ionisation of the gas.  
Diamond-Like Carbon can be deposited by Microwave PECVD using a variety of 
hydrocarbon source gases: C2H2, C2H4, CH4, and C6H6. C2H2 was chosen in this 
study due to its high deposition rate and low ionisation potential as shown in Figure 
2-7. 
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Figure 2-17: Image of microwave plasma generators on the Hauzer Flexicoat 850 
deposition system 
To ignite the plasma within the system, argon gas is first introduced to the chamber, 
where a negative voltage is applied to the bias, and the microwave power initiated. 
This leads to the rapid ignition of the microwave sources, stability of the sources is 
manually controlled using a set of three impedance stubs  which are located on the 
microwave generator head on the outside of the chamber. Once the Ar plasma is 
stable, the reactive source gas (in the case of this study: C2H2) is introduced into the 
system, where it becomes ionised. The ionised species is then attracted to the 
substrates by the applied bias voltage, similarly to PECVD. 
The microwave plasma frequency used during these experiments was 2.45 GHz; this 
differs from the 13.56 MHz radio frequency (r.f) discharges used most commonly 
for research purposes. To understand why we must look at the electron energy 
distribution function. This function is able to define the rates of electron elastic 
collisions and therefore provides electron transport information, also details of the 
inelastic properties of the plasma such as ionisation, excitation etc. [154]. The 
distribution of EEDF is for the majority, Maxwellian in microwave plasma, this 
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allows there to be a higher number of electron – ion pairs formed per unit of 
delivered energy relative to r.f. plasmas. In addition to this, the microwave plasma is 
governed by ambipolar diffusion, in which process, in the presence of a 
concentration gradient within the plasma (i.e. near to the chamber walls), the 
electrons move at a greater speed than the ions (due to their higher mobility and 
higher diffusion coefficient). This creates a more positive region within the plasma 
and as a consequence of this, a restraining electric field develops which serves to 
equalise the diffusion coefficient of the ions and electrons. The ambipolar diffusion 
applies to all of the motion within the plasma [16], whereas the r.f. plasma is 
controlled by mobility; this leads to higher ion flux and dissociation rates within the 
microwave plasma [155].  
The working pressure of the microwave process is 1 x 10
-2
 mBar. The antenna is 
made from silver plated brass tube, outer diameter 9.5 mm; inner diameter 4 mm. 
Overheating of the components is prevented by an air cooling system through the 
centre of the antenna. The antennas are protected by vacuum sealed quartz tubes 
surrounded by two ceramic outer tubes. The paraboloidal reflector is double walled 
and water cooled, made from stainless steel. The reflectors serve to direct the plasma 
into a quasi-parallel beam. 
The Rossnagel et al. [153] review of microwave plasma deposition very much 
occurred within the developmental stages of the technology, and current systems 
have proven that research and experimental perseverance has been worthwhile in 
this area as the true versatility and potential of microwave plasma processing is now 
being realised [18, 156, 157]. Industry is attracted by recent developments, 
increasing process chamber size and the potential for up scaling of the technique. 
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New processing machines include technology for in-line deposition, allowing large 
scale production to take place, see Figure 2-18 for an example of in-line magnetron 
sputtering recently developed by Hauzer, and also varying sources which allows for 
in-situ processes to occur, such as deposition of materials by different means i.e. 
PVD, PAPVD, CVD, PECVD, FCARC, etching and ion implantation. 
 
Figure 2-18: Hauzer example of in-line Magnetron sputtering  
2.7.6. Coating Growth 
Coating growth principles using PECVD and Microwave PECVD are explained 
here. The plasma closest to the growing film consists mainly of ions and neutrals. 
The effect of the neutral species on the growing film is dependent on the sticking 
coefficient and type of the individual species [11, 18]: 
 Di-radicals - C-C and C-H bonds are invaded by chemically unstable di-
radicals (e.g., CH2); these react with the surface of the film and have a high 
sticking coefficient.  
 Neutrals - The more stable, closed shell neutrals (such as CH4) have very low 
sticking coefficients and do not affect the film.  
 Mono-radicals – these are incorporated into the surface structure by single 
dangling bonds. These can be created by atomic H (dissociated from H2 
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within the microwave generated plasma) that reacts with surface H bonds. H 
within the coating structure can also be removed by ion bombardment and by 
unstable radicals (e.g. CH3) abstracting the H from the surface bonds and 
attaching to the dangling bond. CH3 under normal circumstances has a low 
sticking coefficient, but in the presence of atomic hydrogen this is raised 
significantly. 
 Carbon and Hydrogen – These species are able to implant within the surface 
and the growing coating, making a more dense and strong structure. 
Hydrogen atoms „knocked out‟ of the coating structure are able to combine 
with other H atoms to form H2 and these desorb from the film. Therefore as 
the ion energy within the process increases, the H content decreases.  
 
Figure 2-19: Deposition mechanisms of DLC deposited by plasma chemical vapour 
deposition, presented in [11] in chapter 1, by Robertson 
The film then grows on the substrate surface via these mechanisms, a dense 
microwave enhanced plasma aids this and thus, a high density, homogenous plasma 
that reaches across the entire deposition chamber must be generated; a half wave 
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dipole antenna will not achieve this alone and so the equipment is modified by 
adding a paraboloidal reflector about the antenna with a half wave dipole antenna at 
its focal point, the resulting microwave emission is said to be a quasi-parallel beam 4 
[158]. A dense, homogenous plasma can be achieved throughout the processing 
chamber using this method. Substrates can be placed at distances over 300 mm away 
from the microwave source, which allows for a wide variety of substrate geometries 
and for the addition of alternative deposition techniques to the coating system; 
metallic elements and non-metallic elements can be incorporated into the coating 
this way, allowing for a multitude of different coatings to be deposited inside a 
single machine and during a single process.  
2.7.7. Summary 
As is shown in Table 2-2, Table 2-6, Table 2-7 and Table 2-8, the properties of DLC 
vary drastically depending on the composition, deposition parameters and the nature 
of the deposition itself. Filtered Cathodic Arc is commonly used to deposit ta-C, 
which typically has a very high sp
3
 content and does not include hydrogen. This 
results in high hardness and Young‟s modulus values. Using a very low bias voltage 
(85 V) a DLC coating of 50 - 60 GPa hardness is regularly achieved, along with a 
high sp
3
 content (> 80%)  [56, 94, 159, 160], with the hardest DLC coating found to 
be 95 GPa [161]; despite high hardness, these coating proceeded to fail in 
tribological testing, showing that a coating of high hardness does not necessarily 
equal a better tribological performance [56]. This could be due to the high amount of 
                                                 
4 The beam is not fully parallel due to size restrictions of the reflector and the 
microwave radiation being emitted from the entire length of the antenna.  
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internal stress the coating experiences, these types of coatings have very high levels 
of elastic modulus, reaching 757 GPa in 88% sp
3
 DLC, and 300 GPa in 70% sp
3
 
DLC [162]. Deposition rates are higher for the filtered arc process, relative to others, 
with up to 3.6 m/hour being achieved [163] using this process, and only 1 m/hour 
achieved using magnetron sputtering using graphite [164] and up to 1 m/hour 
achieved using r.f. PECVD [165]. For the application of the cam/follower interface 
this level of hardness and internal stress will not be adequate as a robust tribological 
performance is required.  
ta-C DLC coatings can also be deposited using arc ion plating, these coatings have 
been shown to exhibit ultralow friction coefficients (0.03) when in contact with one 
another and in the presence of PAO-GMO lubricants [29]. The lubricant used in this 
study incorporated a high percentage of GMO (~1%) and as such is not entirely 
representative of a lubricant used within an engine, whilst this data is still useful, 
these techniques will not be incorporated into this study. 
The coatings created using PECVD are most commonly a-C:H due to the nature of 
the precursor hydrocarbon gas used, they incorporate more sp
2
 and H bonds and thus 
are softer than the majority tetrahedral ta-C coatings, ranging in hardness from 
around 10 - 30 GPa [11, 166-168] and elastic modulus from 160 – 190 GPa [11]. 
This is the process that will be used within this study, due to the wealth of literature 
and comparable coatings and the interest of the sponsors of this project.  
DLC coatings can be deposited using magnetron sputtering, with a carbon cathode. 
Magnetron sputtered DLC is particularly useful in microelectronics due to a high 
resistivity [169] and have been shown to have a hardness of up to 40 GPa and elastic 
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modulus of up to 300 GPa  [107, 170]. A relatively new process which amalgamates 
magnetron sputtering and PECVD is reactive magnetron sputtering, which uses 
carbon as a magnetron target material and also introduces a hydrocarbon gas (such 
as acetylene or butane) into the chamber, hardness values for these coatings has been 
found to be above either magnetron sputtering and PECVD when used alone, and 
the DLC coatings provide good wear resistance and low friction values, it is a 
promising technique within this area [171] 
Microwave PECVD is a relatively new process and will be used extensively in this 
study. Gunther et al. highlight the importance of the relationship between 
microwave power and substrate bias, noting that there is a significant reduction of 
hardness at higher bias voltages which they attribute to the high energy ion flux 
present within the deposition stage [156]. However, Patil et al. discuss the 
possibility of the preferential re-sputtering of weaker bonds during the high flux 
process which would favour the growth of the stronger sp
3
 bonds, thus making the 
coating harder. Other authors have noted decreasing hardness (and increasing stress) 
with extremes of both high bias voltages and low bias voltages, [103, 104, 164, 172, 
173]. These authors also present a peak at which the highest hardness and stresses 
exist; it is evident that for each piece of equipment, an optimum point of bias voltage 
exists. A select few authors conducted their experiments regarding the deposition of 
DLC at high substrate temperatures (> 400°C) [61, 102], it has been well established 
in the literature that the sp
3
 phase within DLC is metastable and can collapse into the 
sp
2
 structure at around 400°C [164] and thus low deposition temperatures will be 
used for this study. Methane (CH4) was used as the source gas in various 
experiments [99, 101, 102, 173, 174] which contains a high amount of hydrogen and 
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also has a very high ionisation energy (see Figure 2-7, rendering it quite energy 
consuming to deposit DLC, also promoting the formation of sp
2
 bonds rather than 
sp
3
 bonds in higher quantities than 10% of total flow [174], these studies 
experienced much lower deposition rates than those conducted using lower 
ionisation energy source gases, such as acetylene (C2H2) [104, 172, 175, 176], which 
was chosen as the source gas for this study. 
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Chapter 3  
Experimental Methodology 
3.1. Introduction 
The methods used to characterise the deposited coatings are an integral part of this 
PhD. A fundamental knowledge of the processes and equipment used for 
characterisation is crucial in order to correctly utilise and interpret the results. 
Following from the literature review a detailed description of the methods used is 
presented here.  
3.2. The Hauzer Flexicoat 850 System at the University of Leeds  
The Hauzer Flexicoat 850 system was installed and commissioned at the University 
of Leeds in December 2010. This system will be used for the deposition of DLC 
coatings in this project. This followed initial Factory Acceptance Testing (FAT) and 
training at the Hauzer headquarters in Venlo. Training sessions focusing on specific 
areas of the machine have taken place both at the manufacturing site in Venlo, NL 
and at the University of Leeds. 
3.3. Details of the System 
The coating system at the University of Leeds is a Hauzer Flexicoat 850 system, 
with Microwave, Magnetron, High Power Impulse Magnetron Sputtering (HiPIMS), 
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Filtered Arc Deposition, Cold Finger and Plasma Etching capabilities. The system is 
laid out as shown in Figure 3-1. The cold finger capability is an addition which can 
be fitted adjacent to the plasma source when needed. Figure 3-2 shows the system in 
the laboratory.  
 
Figure 3-1: Hauzer Flexicoat 850 system schematic 
 
 
Figure 3-2: Hauzer Flexicoat 850 Deposition System 
The front of the system functions both as a door and as a potential housing for 
another target. The open system is shown in Figure 3-3, the filtered arc deposition 
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mechanism is also shown here, but this has since been decommissioned and will be 
replaced by CARC+ technology. 
 
Figure 3-3: Image of the front of the Hauzer Flexicoat 850 System chamber with 
door open. 
Inside the system, on opposing walls are the magnetron sources. One of the sources 
is equipped with HiPIMS capabilities and one is magnetron only. The final 
deposition source is located at the back of the chamber; this also has a double 
function as a door and may be opened in order to clean the microwave sources. This 
is highly important with regards to the deposition quality; as the paraboloidal 
microwave reflector becomes coated, it becomes less effective and the coating 
quality suffers as a result. Figure 3-4 shows the microwave reflector and antenna. 
The antennae are protected by Boron Silicate „sleeves‟ as they are delicate and 
damage easily. 
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a. b. 
Figure 3-4: Microwave source antenna and reflector a. image, b. schematic diagram 
Inside the deposition chamber, the substrates are affixed to cylindrical columns 
shown in Figure 3-5. These large columns can be replaced by substrate holders. The 
columns allow for a two fold rotation, whereby the dummies are rotating 
independently from the table, whereas the holders can achieve a threefold rotation 
which allows the samples to be rotated separately from the table and dummies. 
 
Figure 3-5: Image of the substrate table for the Hauzer Flexicoat 850 deposition 
system 
The system is controlled using a computer installed toward the rear of the machine 
using unique software designed by Hauzer. The water systems, control units and 
power supplies are all located behind the deposition chamber. Chilled water must be 
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available at all times when using the deposition system due to the need for cooling. 
All of the sources use this to prevent overheating of the system. 
3.4. Calo-tester 
A calo-tester is a form of micro scale abrasion testing. The purpose of this test is to 
provide a quick and simple way of determining the thickness of coatings. A rotating 
ball is placed against the sample and an abrasive medium is introduced (in this case 
a 1 m diamond suspension). A crater is then formed on the coating surface, (shown 
in Figure 3-6) allowing the thickness of the coating to be gauged using equation 3.1. 
e  
   
 
 
3.1 
Where e is the coating thickness, a and b are found using a microscope (shown in 
figure and d is the ball diameter. See Figure 3-6 for schematic. The calo-tester is 
shown in Figure 3-6.a. 
 
 
 
a. b. 
Figure 3-6: (a) Calo-tester schematic, (b) Calo-tester 
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3.5. Nano Indentation Hardness 
The measurement of nano-indentation hardness uses depth sensing rather than the 
measurement of the indent due to the need for expensive imaging equipment and 
accuracy concerns, unlike the micro hardness tester which uses an optical 
microscope and a measuring gauge to determine the hardness from the dimensions 
of the indent. The difference between nano indentation and micro hardness can be 
substantial. Qian et al [177] discovered that a nano indentation hardness reading 
gave on average a 10 – 30% higher value than was found on the micro hardness 
tester, attributing this to assumptions made regarding the elastic/plastic deformation 
process, but acknowledging that shortcomings in this area may lead to the ability to 
qualitatively analyse a materials resistance to deformation. 
It is recommended that the tip of the indenter goes no further than 10% of the 
coatings total thickness [178]. This is to avoid incorporating any substrate or 
interlayer properties into the end result. An example of the load displacement curve 
from the nano-indentation test is shown in Figure 3-7. 
 
Figure 3-7: Example of a nano indentation curve from the sample produced within 
the microwave bias scan matrix at 210 V 
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The nano-test platform was a MicroMaterials indentation platform, and calculates 
the reduced modulus of the material. In order to calculate the elastic modulus from 
this, equation 3.2 is used. 
 
  
 
(    )
 
 
(    
 )
  
 
3.2 
Where Er is the reduced modulus, υi and Ei are the Poisson‟s ratio and elastic 
modulus of the indenter tip, respectively, υ and E are the Poisson‟s ratio and the 
Young‟s modulus of the specimen, respectively. 
3.6.  Scanning Electron Microscopy  
A  Philips XL30 Scanning Electron Microscope (SEM) will be used to examine 
samples at high magnification. The SEM is equipped with an energy dispersive 
spectrometer. This allows for the elemental compositional analysis of the samples in 
situ with the SEM. This has been used for the characterisation of functionally graded 
layers and for chemical analysis of the wear track. 
In a typical SEM electrons are emitted from an electron gun. This can be either by 
thermionic emission (i.e. passing a current through a filament wire for example, 
tungsten) or by field emission (i.e. a large electric field is created around and 
dissociates electrons from atoms). 
The beam is accelerated through the anode and passes through magnetic condenser 
lenses, which are used to focus and condense the electron beam. The objective lens 
focuses the electron beam to a fine point which is then directed over the sample. 
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Deflector lenses move the beam across the surface where secondary and 
backscattered electrons are produced (amongst others) and are detected by 
instruments within the sample chamber. The most commonly used are secondary 
electron detectors, which detect low energy (< 50 eV) secondary electrons emitted 
nanometres from the sample surface. An Everhart-Thornley detector is often used, 
this amplifies the detected electrons and forms the high resolution (up to 0.5nm) 
image required. The SEM operates under vacuum conditions to prevent molecules 
interfering with the beam and to prevent the oxidation of the tungsten filament. 
3.7. Energy Dispersive X-Ray Analysis 
Energy dispersive X-ray (EDX) analysis in the SEM works according to the 
following principles: 
A high energy electron beam reaches the sample surface and interacts with local 
atoms; inner shell electrons are excited to higher energy states, this creates an 
electron hole which is filled by an outer shell electron. As shown in Figure 3-8, an 
X-ray is emitted due to this change in state; the X-ray energy is of equal magnitude 
to the change in state and corresponds to the specific energy levels within each 
individual element. This allows us to identify which elements are present; the 
composition of samples with many different elemental species can be quantified 
using this method due to the quantity of X-rays being affected by the abundance of 
the separate elements. Despite being classified as a surface analysis technique, the 
electrons do penetrate the surface, up to 1 um depending on the atomic number of 
the element (the higher the atomic number, the lower the penetration depth) and so 
quantification represents volume rather than surface area. 
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Figure 3-8: Mechanisms of Energy Dispersive X-ray Analysis 
3.8. X-Ray Photoelectron Spectroscopy 
X-Ray Photon Spectroscopy (XPS) is used to determine the elemental composition 
of a material. Of particular interest to this study, the uniformity of the elemental 
composition across the surface can be determined. Hydrogen and Helium lie outside 
of the detection range for XPS, which is most sensitive to elements with an atomic 
number greater than 3.  
Monochromatic Al or Mg K α x-rays are generated and the sample is irradiated by 
these. Photoelectrons are emitted upon interaction with the x-rays, upon the 
detection of these, the energy spectrum is determined. 
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The X-rays interact with electrons lying in the K shell of an atom, this results in the 
emission of a 1s photoelectron, thus ionising the atom. The vacancy is filled by an 
electron from a higher shell due to relaxation. This can lead to either X-ray 
fluorescence or Auger emission. The binding energy of the emitted electron is 
calculated using: 
KE    BE 3.3 
Where hv is the energy of the photon and BE is the binding energy. 
The process takes place in ultra-high vacuum ~10
-10
 Torr so as to avoid any 
contamination. The unique binding energy of the atom is determined (as kinetic 
energy is measured by the instrument and photon energy is known) and the chemical 
composition is determined. 
For this study, the chemical analysis of tribo-films was carried out using a VG 
ESCALAB 250 X-ray Photoelectron Spectrometer (XPS). This system uses high 
power monochromatized x-ray of aluminium K alpha source, high transmission 
electron optics and a multi-channel detector. An area of 500 μm x 500 μm was 
analysed in the wear scar area. A survey was carried out at a pass energy of 150 eV 
at first to determine which elements were present. Longer scans at 20 eV pass 
energy of the selected peaks were then obtained to gain a clearer picture of the 
chemical composition. CASAXPS software was used to analyse the data. The 
position of the C1s peak at 285 eV was used as the reference point for charge 
correction found in a handbook of XPS. The peak area ratio, full width at half 
maximum (FWHM) and difference between binding energies of the doublets were 
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constrained. The processed data within this study has taken into account a linear 
background approximation and is deemed appropriate for the comparison of the 
tribo-film formation between samples. The samples were rinsed for 10 seconds in n-
heptane prior to experimentation to remove any residual oils or contaminating 
species.  
3.9. TEM and EELS 
Transmission Electron Microscopy (TEM) and EELS (Electron Energy Loss 
Spectroscopy) were used in order to determine the percentage of sp
2
 bonded atoms 
within the surface of the coating.  
Focused ion beam transmission electron microscope (FIBTEM) sections were 
prepared from the samples using an FEI Nova 200 Nanolab dual beam scanning 
electron microscope, fitted with a Kleindiek micromanipulator. The ion column was 
operated at 30 kV and 5 kV, at beam currents between 5 nA and 0.05 nA and the 
electron column at 5 kV and 29 pA. The site of interest was coated in a 200 nm 
platinum layer deposited using a gallium ion beam as demonstrated in Figure 3-9. 
 
Figure 3-9:  Diagram of sample prepared by focused ion beam etching 
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Figure 3-10: Focused ion beam etched sample ready for input into TEM 
The surrounding material was removed using the gallium ion beam, and the finished 
section removed using a micromanipulator and attached to the TEM sample grid as 
can be seen in Figure 3-10. The section was thinned to < 100 nm in order to be 
useful within the TEM. The TEM and EELS were carried out using a Philips 
CM200 FEGTEM operated at 197 keV. The fitting of the EEL spectra was carried 
out according to Daniels and Brydson [179] 
 
Figure 3-11: Low loss region of EELS spectrum of a-C:H 
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The relative intensity features of the EEL spectrum which arise from excitations of 
electrons to higher energy are representative of the amount of sp
2
 bonding present 
since the presence of delocalised π type bonding is demonstrative only of the 
presence of sp
2
 hybridised carbon atom [179]. The two features of the EEL spectrum 
that show this are the peak in the low loss region at 6.5 eV shown in Figure 3-11, 
which is representative of an interband transition between π* bonding and anti-
bonding orbitals. The peak within the core loss region at 285 eV representing the 1s 
to π* feature is shown in Figure 3-12. 
 
Figure 3-12: Core loss region of EEL spectrum of a-C:H 
The ratio of the π* peak at 285 eV in the core loss region and a 20 eV window about 
the σ* peak is taken along with another 20 eV window representing the whole 
carbon signal, this ratio is normalised to the ratio of a 100% sp
2
 graphite sample, the 
value for which was found in the literature [179] and verified using a sample of pure 
graphite.  
3.10. Pin-on-Reciprocating Plate Tribometer 
Friction and wear results were taken using a Biceri pin-on-reciprocating-plate 
tribometer (image presented in Figure 3-14, schematic shown in Figure 3-15). The 
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plate samples used were 30 mm discs previously deposited with DLC. The pins used 
for these experiments were cast iron, with a 40 mm radius of curvature on one end. 
The pressure exerted on the plate from the pin was calculated using Hertzian contact 
pressure equations using the normal load and weight hanging from the pivoted 
beam. The contact was taken as a sphere against a flat surface, and the pressure 
calculated using equation 3.4, although Hertzian contact pressure equations are 
usually used to model dry contact situations, it is reasonable to use these equations 
in boundary lubrication conditions. The stroke length was kept constant at 10 mm 
and frequency at 1 Hz. The effect of this is a constant load and a sinusoidal velocity 
profile of the counter-body. 
 
Figure 3-13:Spherical contact and semi-elliptical pressure distribution 
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3.4 
pmax – Maximum Hertzian contact pressure 
pmean – Mean Hertzian contact pressure 
R – Effective radius  
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3.5 
Rx/y – Radius in x/y direction  
w – Load 
E‟ – Effective elastic modulus 
 
Figure 3-14: Pin on reciprocating plate tribometer 
When the plate is in motion, the force experienced by the cantilever arm is absorbed 
by the load cell, measurement of the oscillary force against the load cell allowed for 
friction measurements to take place between the pin and reciprocating plate, which 
is then converted into a coefficient of friction by a labview program. A 
thermocouple is attached to the lubricant bath in order to regulate the temperature; 
for all experiments this was kept constant at 100 °C. 
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Figure 3-15: Biceri pin on reciprocating plate tribometer schematic 
As the contact will be lubricated, care must be taken to ensure the correct lubrication 
regime is followed. Cam/follower components are lubricated by a boundary 
lubrication (λ<1) mechanism as seen in Figure 3-16. During this phase, the surfaces 
are in asperity contact – the surfaces are not completely separated by the film 
formed by the lubricant and thus rely upon the anti-friction and load bearing 
capability of the lubricant. Within a hydrodynamic (full fluid film λ 3) area, the 
surfaces are completely separated by the lubricant films. In elastohydrodynamic 
lubrication (1<λ<3), the surfaces are completely separated in some areas but may be 
deformed elastically by loading.  
 
Figure 3-16: Modified Stribeck curve with lubrication regimes and their associated 
application. [32] 
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The lubrication regime can be calculated by determining the lambda ratio seen in 
equation 3.7. 
  
    
√   
      
 
 
3.7 
Where Rq1 and Rq2 are the RMS of the two solid surfaces and hmin is the minimum 
lubricant thickness which can be calculated using equation 3.8. 
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;       
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; U is the sliding velocity, η0 is the 
viscosity at ambient pressure, E
*
 is the effective modulus of elasticity, R is the 
radius of the pin, αp is the viscosity pressure coefficient, W is the normal load and ke 
is the elliptical parameter which is equal to 1.0339 for a sphere on a flat contact [32, 
87, 118, 180]. 
3.11. White light Interferometry  
In order to determine the surface roughness of the samples pre and post deposition, a 
white light interferometer (WYKO) manufactured by Veeco will be used. The white 
light interferometer works using a beam of white light; this is then split into two 
separate beams. One is used as a reference beam and is reflected from a reference 
mirror while the other beam is reflected from the surface of the sample under 
observation. The beams then recombine to create an interferogram which is 
processed by computer software which generates information relating to the 
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topography of the sample. Sub-nanometre resolution is available. Lasers are often 
used to generate the light needed – this is more accurate for samples that are very 
smooth. The WYKO is a non-contact surface profilometer and can be used where 
surface contact is an issue. 
3.12. Atomic Force Microscopy 
The atomic force microscope (AFM) was used in order to gain topographical 
information of the surfaces examined. The AFM is a high resolution scanning probe 
microscope with three different modes of operation: contact mode, non-contact 
mode and tapping mode. This study will use the AFM in contact mode. A schematic 
of the AFM is shown in Figure 3-17, and an example of an AFM image of diamond-
like carbon is shown in Figure 3-18.  
 
Figure 3-17: Schematic of the AFM showing the basic mechanisms within the 
equipment 
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Figure 3-18: Typical AFM image of diamond-like carbon 
The cantilever is a silicon nitride tip with a radius of an order of nanometres. The 
cantilever contains piezoelectric elements which allow it to raster scan across the 
surface of the sample within a pre-defined area and detects the deflection of the tip 
due repulsive van der waals forces experienced from the sample surface. This is 
calculated by measuring the vertical deflection of the probe using a laser and an 
array of photo detectors as shown in Figure 3-17, and using Hooke‟s Law shown in 
equation 3-1. 
     
3-1 
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Chapter 4  
Results: Tribological Performance of a-C:H, Si-
DLC and W-DLC 
4.1.  Introduction 
In this chapter, three Diamond-like Carbon (DLC) coatings are analysed. The 
coatings were created using PECVD, detailed in section 2.7.4. The coatings are 
amorphous hydrogenated Diamond-Like Carbon (a-C:H), silicon doped amorphous 
hydrogenated DLC (Si-DLC), both of these produced at the University of Leeds.  
PVD was used to create a Cr + Cr/WC + W:C:H interlayer and PECVD using 
acetylene gas and argon. A tungsten doped DLC (W-DLC) acquired from Oerlikon 
Balzers (brand name Balinit C*) was used as the third DLC system. The coatings 
were characterised; thickness, hardness and elastic modulus were analysed using a 
calo-tester and nano indentation platform respectively. They were chemically 
analysed to establish the bond types, using TEM and EELS. The coatings were 
tribologically evaluated using a pin-on-reciprocating-plate tribometer in two 
different oils (a group three base oil, and a group three base oil containing zinc 
dialkyldithiophosphate (ZDDP)) to investigate tribo-film formation on the surfaces 
of the coatings. The Si-DLC and a-C:H were analysed using atomic force 
microscopy, and only the a-C:H sample was then examined using an XPS to 
determine whether or not a tribo-film formed when using oils containing ZDDP. 
This coating was the only one to be evaluated because this being the only sample 
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which did not delaminate during the tribo-testing and so the tribochemistry of the 
DLC surface could be evaluated with confidence. These tests are relevant to the 
application of these coatings to a valve train in a passenger car engine. The coatings 
must be durable enough to withstand the high pressures and temperatures whilst 
providing a low coefficient of friction and also must exhibit a low wear rate relative 
to that found in these types of coatings found in the literature, presented in Table 
2-6, Table 2-7 and Table 2-8, in order for them to exist within this environment. 
4.1.1. Substrate and Lubricant Types 
The substrates used for the deposition of the different types of DLC throughout this 
thesis were an M2 grade high speed steel, hardened to 62 – 64 HRC. The surface 
roughness of the substrates was 0.02 µm Ra. The cast iron counter body used was a 
cast iron pin, hardened to 62 – 64 HRC with a 40 mm radius of curvature on one 
side, polished to a roughness of 0.02 µm Ra. The lubricants used were a group III 
base oil which is commonly employed within the automotive industry, and a fully 
formulated oil which consists of a group III base oil plus zinc 
dialkyldithiophosphate, in addition to other commonly found detergents and 
dispersants. 
4.1.2. Coating Recipe 
The two coatings tested in this section made at the University of Leeds using the 
Hauzer Flexicoat 850 system were the a-C:H and Si-DLC. The recipes for both of 
these coatings were developed by Hauzer. These are detailed in Table 4-1. The 
recipe for the interlayers of both of the coatings was the same. A schematic of the 
coatings and interlayers can be seen in Figure 4-1. 
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a. 
 
b. 
 
c. 
Figure 4-1:Schematic of the composition of a. a-C:H, b. Si-DLC and c. W-DLC 
coatings 
Table 4-1: Recipe for a-C:H and Si-DLC. (Pre-deposition cleaning and processes, 
interlayer deposition and final DLC layer) 
Step Time 
(mins) 
Gas Flow (sccm) Bias 
(V) 
Coil 
Current 
(A) 
Cr 
Cathode 
(kW) 
WC 
Cathode 
(kW) Ar C2H2 
Pumping  60 - - - - - - 
Target 
Clean 
20 130 - -500 1 – 4 1 – 6 1 – 3 
Plasma 
etch 
45 50 - -200 - - - 
Cr 25 130 - - 4 3 - 
Cr + WC 30 110 - -  4 3 – 0.5 0.5 – 3 
W-C:H 75 90 8 – 30 
/30 min 
- 2 - 3 
a-C:H 150 - 270 -740 4 - - 
 
Si-DLC 
 
150 
HMDSO C2H2  
-740 
 
4 
 
- 
 
- 
24 – 18 
/8 mins 
240 – 
180 /8 
mins 
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4.2. a-C:H, Si-DLC and W-DLC Coatings: Mechanical Results 
4.2.1. Thickness 
The thickness of each of the samples was determined using a calo tester which is 
further detailed in 3.4. A 25 mm diameter stainless steel ball was rotated at 200 rpm 
against the surface of the coatings for two minutes. A drop of 1 m diamond 
suspension was used to lubricate the interface and to provide an abrasive medium. 
The results are presented in Table 4-2. The thicknesses of the coatings are typical of 
other DLC coatings as can be seen in the literature in Table 2-2. 
Table 4-2: Thickness of a-C:H, Si-DLC and W-DLC 
Sample Thickness m DLC Thickness m  
a-C:H 2.9 ± 0.07 1.4 ±0.07  
Si-DLC 2.8 ± 0.01 1.3 ±0.01  
W-DLC 2.06 ± 0.05 1.4 ± 0.07  
 
4.2.2. Hardness and Elastic Modulus 
A MicroMaterials nano platform described in 3.5 was used to determine the 
hardness and elastic modulus of the coatings. A Berkovich indenter was used and 
the maximum load reached was 1 mN, to ensure that the maximum penetration 
depth of the indentation was no more than 10% of the coating [178], with a 
loading/unloading rate of 2 mN/min. A minimum of ten indentations was carried out 
on each sample and the hardness and reduced modulus were calculated using a 
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power law fit dictated by the Oliver and Pharr method [181]. The hardness and 
elastic modulus for the coatings tested in this section are presented in Table 4-3. The 
H/E ratio is hypothesised to be an indication of the wear rate of the coating, 
described as the deformation relative to yielding [182]. The higher the H/E ratio of a 
coating, the higher the maximum tensile elastic stress is said to be [183], and thus 
can be said to correspond to a higher wear resistance. The H/E ratios for the a-C:H, 
a-C:H:Si and W-DLC samples are presented in Table 4-3. The H/E ratio is 
compared with the wear rate of the samples in Figure 7-3. These again correspond 
with hard a-C:H results found in the literature shown in Table 2-2. The incorporation 
of silicon into the DLC structure lowers the hardness and elastic modulus, as does 
tungsten [105, 107]. The addition of tungsten significantly lowers the hardness in 
relation to the a-C:H. This corresponds to the values of hardness claimed on the 
Oerlikon Balzers data sheet for this coating. 
Table 4-3: Tabulated hardness and Young's modulus of a-C:H, Si-DLC and W-DLC 
Sample Hardness 
(GPa) 
Young‟s Modulus 
(GPa) 
H/E 
a-C:H 31.1 ± 1.5 262.4 ± 24.8 0.12 
Si-DLC 27.8 ± 1 188.6 ± 7.4 0.15 
W-DLC 16.8 ± 2.7 161.4 ± 23.3 0.1 
The hardness and elastic modulus of the a-C:H and Si-DLC coating are of typical – 
high hardness and elastic module end of those found in the literature (presented in 
Table 2-5 and Table 2-8, respectively), the W-DLC coating shown here is of average 
hardness and elastic modulus compared to those in the literature, as seen in Table 
2-7. 
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4.2.3. TEM and EELS  
TEM samples were prepared from each of the coatings. Figure 4-3 shows an 
example of curve fitting of an EELS spectrum of a-C:H. Three peaks are fitted in 
accordance with [179]. The percentage of sp
2
 bonding is determined by comparing 
the ratio of the π* peak to the total area, to the value of this found from pure 
graphite. This was done for each of the samples, a-C:H, a-C:H:Si and W-DLC and 
the results of which are shown in Figure 4-4. TEM images of the samples are shown 
in Figure 4-2.  
 
 
 
a. b. 
 
c. 
Figure 4-2 TEM images of a. a-C:H, b. Si-DLC and W-DLC 
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Figure 4-4 shows that the highest percentage of sp
2
 bonding occurs in the a-C:H, 
with a decreasing amount in Si-DLC and a further decrease in W-DLC. This could 
be due to the different types of bonding present in the doped samples due to the 
introduction of other elements. Hydrogenated carbon films often have quite a high 
percentage of sp
3
 bonds, despite being typically softer than their ta-C counterparts 
(which have higher sp
3
 bonded areas and higher hardness) due to the sp
3
 C-H bond, 
the inclusion of silicon increases this value further, whilst decreasing in hardness 
[11]. 
 
 
Figure 4-3: Fitted EELS spectra for a-C:H 
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Figure 4-4: sp
2
 % of a-C:H, Si-DLC and W-DLC 
4.2.4. Scratch Testing 
Scratch testing was carried out on the samples in order to determine the adhesion of 
the DLC coatings on the M2 steel substrates. The tests were carried out using a CSM 
micro scratch tester, using a progressive load, initially from 1 – 60 N at a loading 
rate of 98.33 N/min and a speed of 10 mm/min as a standard test incorporated in the 
machine and used by Hauzer Techno Coating. The length of the scratch was 6 mm. 
A Rockwell diamond indenter was used with a tip radius of 50 m. The critical load 
was taken at Lc2 which is classified using Table 4-4 [184].  
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Table 4-4: Classification of scratch test results [184] 
 Description of failure events Micrograph 
(S.D. = sliding direction) 
Lc1 Forward chevron cracks at the 
borders of the scratch track. 
Lc1 shall be taken at the closest end 
of the event to the scratch track start.  
 
Lc2 Forward chevron cracks at the 
borders of the scratch track, with 
local interfacial spallation or with 
gross interfacial spallation  
Lc2 shall be taken at the failure event 
that occurs first and at the closest 
end of the event to the scratch track 
start.  
 
Lc3 Gross interfacial shell-shaped 
spallation 
 Lc3 shall be taken at the first point 
where the substrate can be seen at 
the centre of the track in a crescent 
that goes completely through the 
track.  
Lc1 is the point at which cohesive failure occurs, this is the minimum load at which 
crack initiation occurs within the coating. The Lc2 value is the load at which 
adhesive failure occurs i.e. the point at which the crack reaches the coating/substrate 
interface which causes delamination and detachment of the coating. This is the point 
which is taken to determine the critical load value for coatings [185]. Figure 4-5 
shows images of the scratch testing carried out on a. a-C:H, b. Si-DLC and c. W-
DLC, arrows on the images show where the LC2 value lies. 
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Figure 4-5: Scratch test images of a. a-C:H, b. Si-DLC, c. W-DLC with Lc2 value 
indicated with arrows. 
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Figure 4-6: Critical loads from scratch test of a-C:H, Si-DLC and W-DLC 
Figure 4-6 shows the critical load values for the a-C:H, Si-DLC and W-DLC. The 
critical load achieved by the a-C:H (31.4 N) and Si-DLC (35.7 N) were similar in 
value, the Si-DLC achieved a 10% higher critical load than the a-C:H. The W-DLC 
however, provided a much higher critical load. This suggests that the coating was 
more adherent to the surface of the substrate, but in tribo-testing the sample 
delaminated heavily and performed poorly when compared to the a-C:H and the Si-
DLC (see Figure 4-13 for a-C:H wear rate, Figure 4-21 for Si-DLC wear rate and 
Figure 4-29 for W-DLC wear rate). 
4.2.5. Tribological Tests 
Tribological testing was carried out on all of the samples using a pin-on-
reciprocating-plate tribometer described earlier. The tests were carried out using a 
group three base oil and a fully formulated oil containing zinc 
dialkyldithiophosphate (and anti-oxidant additives commonly found in fully 
formulated oils). The tests were conducted at 100 °C, with a Hertzian contact 
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pressure of 750 MPa which corresponded to 281 N normal load and 11.5 kg hanging 
weight, and to the pressure experienced in the cam tappet environment [24]. The 
average entrainment speed was 2 cm/s. The tests were carried out for durations of 
six, twelve and twenty hours. A cast iron pin was used as a counter-body with a 40 
mm radius of curvature in all of the tests. Each experiment was repeated three times 
to ensure reliability and repeatability of results. 
4.2.6. a-C:H  
4.2.6.1. a-C:H Friction Results 
The friction results as a function of time for a-C:H are given in Figure 4-8 (six hour 
test), Figure 4-9 (twelve hour test) and Figure 4-10 (twenty hour test). The 
coefficient of friction is seen to evolve from an apparent „running in‟ stage after six 
hours as seen in Figure 4-8, to the final „steady state‟ after 20 hours in Figure 4-10. 
The coefficient of friction of the a-C:H in base oil is not consistent and fluctuates 
excessively with relation to the steady friction performance seen in the fully 
formulated oil. This was expected due to the lack of performance enhancing 
additives in the base oil. The fully formulated oil provides a smooth coefficient of 
friction throughout all of the testing. Figure 4-7 gives an example of three tests 
conducted for a-C:H in fully formulated oil for six hours. The repeatability is seen to 
be good. Each experiment conducted on the pin-on-reciprocating-plate tribometer 
was repeated three times but only one example of the coefficient of friction trace 
will be shown for each test in base oil and fully formulated oil from this point. 
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Figure 4-7: Example of error bars for friction plot of a-C:H after six hours testing in 
fully formulated oil 
 
Figure 4-8: Coefficient of friction of a-C:H in base oil (BO) and fully formulated oil 
+ ZDDP (FF) tested for six hours on pin on reciprocating plate tribometer 
 
Figure 4-9: Coefficient of friction of a-C:H in base oil and fully formulated oil tested 
for twelve hours on pin on reciprocating plate tribometer 
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Figure 4-10: Coefficient of friction of a-C:H in base oil and fully formulated oil 
tested for twenty hours on pin on reciprocating plate tribometer 
4.2.6.2. Steady State Friction for a-C:H 
The steady state friction results for the a-C:H are presented in Figure 4-11. This was 
calculated by taking the average friction value for the last hour of each of the tests, 
and incorporating the error over the three tests conducted. The coefficient of friction 
of the a-C:H in the base oil is 31% and 33% less than the fully formulated oil in six 
hour and twelve hour tests respectively. The steady state friction in base oil at 
twenty hours is 3% higher than in fully formulated oil. However, the base oil 
provides the system with a much less stable friction coefficient overall throughout 
the tests. This is evidenced by the large error bars seen on the base oil results, 
relative to the fully formulated oil tests, which are quite consistent. The friction 
presented throughout the results is adequate in the oils tested, due to there being no 
friction modifier present. In the fully formulated oil there is only an anti-wear 
additive (ZDDP). 
98 
 
Figure 4-11: Steady state friction results for a-C:H. (BO = base oil, FF = fully 
formulated oil + ZDDP) 
4.2.6.3. a-C:H Wear Volume and Wear Rate 
The wear volume values for a-C:H in six, twelve and twenty hour tests are presented 
in Figure 4-12. The wear volume is lower in the tests using the fully formulated oil 
with the anti wear additive ZDDP as expected; in the six hour, twelve hour and 
twenty hour tests, the wear volume was 43%, 68% and 89% less respectively in the 
fully formulated oil. This is significantly less, and shows that the wear additive has a 
clear protective quality on the surface of the a-C:H, which is also evidenced by the 
decrease in wear rate over time as shown in Figure 4-13. There is much debate 
surrounding the formation of a phosphate containing tribo-film on Diamond-Like 
Carbon surfaces. This chapter hopes to investigate this formation, the increasing 
wear rate experienced by the a-C:H in base oil and the decreasing wear rate in fully 
formulated oil supports this claim of tribo-film formation at the a-C:H surface. The 
error values are quite large in the base oil experiments. This is due to the 
unrepeatability and instability of the system in this lubricant, whereas the fully 
formulated oil performs much more consistently.  
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Figure 4-12: Wear volume of a-C:H plate after tribological testing in base oil (BO) 
and fully formulated oil + ZDDP (FF) 
 
Figure 4-13: a-C:H Wear rate after tribological testing in base oil (BO) and fully 
formulated oil + ZDDP (FF) 
The wear rate of the cast iron pins (shown in Figure 4-33) and the a-C:H coated 
plates (shown in Figure 4-13) tested in fully formulated oil + ZDDP show a similar 
trend; they both decrease as sliding distance increases. In the case of the testing 
conducted in base oil, the coefficient of wear increases over the larger distance for 
the a-C:H coating, but decreases for the cast iron pin. This has also been found by 
other authors, notably Haque [32]. 
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4.2.7. Microscope Images of a-C:H Coating Wear 
Microscope images of the wear experienced by the a-C:H coating in base oil after 
six and twenty hours, and in fully formulated oil + ZDDP after six and twenty hours 
are presented in Figure 4-14, a, b, c and d respectively. It can be seen from the 
images that the sample wear increased in severity from six to twenty hours in base 
oil, and remained the same after the longer duration in fully formulated oil + ZDDP. 
  
a. b. 
  
c.  d. 
Figure 4-14: Wear images of a-C:H after tribo-testing in the pin-on-reciprocating 
plate rig: a. in base oil after six hours, b. in base oil after 20 hours, c. in fully 
formulated oil + ZDDP after six hours and d. in fully formulated oil +ZDDP after 20 
hours. 
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4.2.8. Microscope Images of Counter-body Wear for a-C:H 
The cast iron counter-body images after tribometer tests against a-C:H for base oil 
for six and twenty hours and in fully formulated oil + ZDDP for six and twenty 
hours are presented in Figure 4-15, a, b, c, and d respectively. The images show for 
base oil that primarily polishing wear is taking place at the surface of the counter-
body. The surface of the counter bodies in the fully formulated oil + ZDDP show 
less wear, but there is evidence of the DLC coating present on the surface of these 
samples.  
  
Base oil – six hours Base oil – twenty hours 
 
 
Fully formulated oil + ZDDP – six hours 
Fully formulated oil + ZDDP – twenty 
hours 
Figure 4-15: Microscope images of counter-body after tribometer testing against a-
C:H 
The pin wear for all of the coatings is quantified in section 4.2.15. 
The following key points can be made about the friction and wear results obtained 
using base oil and fully formulated oil + ZDDP on a-C:H: 
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 The coefficient of friction was more stable in the tests performed in fully 
formulated oil.  
 The friction performance in fully formulated oil was at a reasonable level 
(since the oil contained no friction modifier) at a coefficient of friction of 
0.07 – 0.09. 
 It appears that the ZDDP additive has a positive effect on tribological 
system, this is evidenced by both the volume lost through wear and the wear 
rate of the a-C:H tested in fully formulated oil compared to those tested in 
base oil.  
4.2.9. Si-DLC  
4.2.9.1. Si-DLC Friction Results 
The Si-DLC was tested using the same conditions as the a-C:H. The friction results 
are presented as a function of time for six, twelve and twenty hours in Figure 4-16, 
Figure 4-17, and Figure 4-18, respectively. The experiments were repeated three 
times. The experimental methodology, oils and test parameters can be seen in 4.2.5 . 
It can be seen that the coefficient of friction for each of the time spans tested is very 
stable. However it must be noted that partial delamination occurred in each of the 
tribometer experiments; heavily in base oil and less so in the fully formulated oil. 
This was noticed after the experiments were conducted and is not indicated in the 
friction graphs. 
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Figure 4-16: Coefficient of friction of Si-DLC in base oil and fully formulated oil 
tested for six hours on pin on reciprocating plate tribometer 
 
Figure 4-17: Coefficient of friction of Si-DLC in base oil and fully formulated oil 
tested for twelve hours on pin on reciprocating plate tribometer 
 
Figure 4-18: Coefficient of friction of Si-DLC in base oil and fully formulated oil 
tested for twenty hours on pin on reciprocating plate tribometer 
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4.2.9.2. Steady State Friction for Si-DLC 
In each of the tribometer experiments, the Si-DLC seemed to perform better in base 
oil than in the fully formulated oil in terms of friction. Figure 4-19 shows that in six, 
twelve and twenty hour tests the steady state friction was 18%, 27% and 40% less in 
base oil than those conducted in fully formulated oil, it must be noted that despite 
the drop in friction, the samples had delaminated. The steady state friction values are 
very consistent for the testing in fully formulated oil from six to twenty hours 
testing, whereas in the base oil the steady state friction decreases over time. This 
seems to go against the results seen in a-C:H. However the wear volume and rate for 
the base oil is considerably higher than in the fully formulated oil as is presented in 
Figure 4-20  and in Figure 4-21 respectively. 
 
Figure 4-19: Steady state friction results for Si-DLC after tribological testing in base 
oil (BO) and fully formulated oil + ZDDP (FF) 
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4.2.9.3.  Si-DLC Wear Volume and Wear Rate 
Despite lower steady state friction coefficients in base oil than in fully formulated 
oil + ZDDP, the wear volume, shown in Figure 4-20 is higher. It is generally an 
order of magnitude higher than the wear volume seen in a-C:H Figure 4-12.When 
subjected to a twenty hour test in base oil, the friction is at its lowest value, 0.079, 
but the wear volume is at a maximum 1.33 x 10
-11
 m
3
, this shows that while the 
coating exhibiting low levels of friction, it is experiencing a high volume of wear, 
and that removal of the coating has taken place. The removal of the coating is not 
always apparent in the graphs depicting the friction coefficient of the coating. In the 
case of the Si-DLC coating, which only partially delaminated, this may be due to the 
wear area not being large enough to influence the friction. 
The samples tested in fully formulated oil experience a higher steady state friction 
value (0.12 – 0.13) whilst similarly experiencing a high wear volume (1.05 x 10-11 
m
3
 after twenty hours testing). The fully formulated oil tests experienced much more 
consistency with regards to friction, whereas the opposite occurred in the tests 
conducted in base oil. The wear volume of the tests conducted in fully formulated 
oil is lower by 47% and 21% in six hour and twenty hour tests respectively, and 
higher by 18% in twelve hour tests, than those conducted in base oil. 
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Figure 4-20: Wear volume of Si-DLC after tribological testing in base oil (BO) and 
fully formulated oil + ZDDP (FF) 
The wear rate for Si-DLC as a function of time and lubricant can be seen in Figure 
4-21. The wear rate fluctuates considerably when the sample is tested in base oil, 
whereas the values taken in fully formulated oil + ZDDP are relatively stable. The 
wear rate initially increases in the fully formulated oil testing, but decreases when 
the test reaches twenty hours, suggesting that protection is present on the surface of 
the Si-DLC. The wear rate for the Si-DLC coating is different to that seen in the a-
C:H coating. The wear rate is seen to increase as the sliding distance increases, this 
is due to the partial delamination of the coating causing an increased wear volume, 
this does not occur in the case of a-C:H due to lower wear volumes. Other authors 
have also noted the delamination of Si-DLC in sliding systems in the presence of 
both base oil and fully formulated oil [186]. 
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Figure 4-21: Wear rate of Si-DLC after tribological testing in base oil (BO) and fully 
formulated oil (FF) 
4.2.10. Microscope Images of Si-DLC Coating Wear 
Microscope images of the Si-DLC samples tested on the tribometer in base oil for 
six and twenty hours, and in fully formulated oil for six and twenty hours are 
presented in Figure 4-22, respectively. It is seen here that the severity of wear 
increased over time, exposing the interlayers and in some cases the substrate 
material. From these images and the wear rate data, it can be said that the addition of 
ZDDP into the sliding contact between the cast iron pin and the Si-DLC does not 
seem to have as great an effect as it does on the a-C:H coating, if at all. Some signs 
of improvement are shown in the wear of the Si-DLC when the ZDDP additive is 
used, but these are minimal.  
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Si-DLC in base oil after six hours 
 
Si-DLC in base oil after twenty hours 
 
Si-DLC in fully formulated oil + ZDDP after six hours 
 
Si-DLC in fully formulated oil + ZDDP after twenty hours 
Figure 4-22: Wear images of Si-DLC plate 
4.2.11. Microscope Images of Counter-body Wear for Si-DLC 
The cast iron counter-body images after tribometer tests against Si-DLC for base oil 
for six and twenty hours and in fully formulated oil + ZDDP for six and twenty 
hours are presented in Figure 4-23, a, b, c, and d respectively. 
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Base oil – six hours Base oil – twenty hours 
  
Fully formulated oil + ZDDP – six hours Fully formulated oil + ZDDP – twenty 
hours 
Figure 4-23: Microscope images of counter-body after tribometer testing against Si-
DLC 
The following key points can be made about the friction and wear results obtained 
using base oil and fully formulated oil + ZDDP: 
 The coefficient of friction is consistently lower in base oil than in fully 
formulated oil + ZDDP.  
 Despite lower coefficient of friction, a higher wear volume was noticed in 
base oil, due to the ZDDP additive in the fully formulated oil. 
 The wear rate is lower for the tests performed in fully formulated oil due to 
the protective nature of ZDDP; the rates are also much more stable than 
those performed in base oil. 
The Si-DLC did not perform as well as the a-C:H in the tribometer tests with regards 
to wear rate, shown in Figure 4-21, and wear volume, shown in Figure 4-20. The 
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microscope images of the worn samples tested in base oil, Figure 4-22, show signs 
of delamination from six hours, and the coating was completely removed in some 
areas after twenty hours of testing. In the fully formulated oil a similar trend was 
also seen. After six hours, some signs of delamination were present; however, this 
was less severe than in the tests conducted in base oil. In the twenty hour 
microscope image it can be seen that some areas of the coating were completely 
removed, with some areas surrounding this that show signs of coating removal, but 
not wholly. In the areas where the coating remained, some protection may have been 
present - a possible tribo-film perhaps, seen in the AFM images taken for this 
sample, Figure 4-39, but not enough to prevent the removal of the coating. 
4.2.12. W-DLC  
4.2.12.1. W-DLC Friction Results 
The W-DLC was subject to the same testing as the a-C:H and Si-DLC. The friction 
results for W-doped DLC are presented as a function of time for six, twelve and 
twenty hours in Figure 4-24, Figure 4-25 and Figure 4-26, respectively. In each of 
the experiments, the coating delaminated fully in each of the durations tested. 
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Figure 4-24: Coefficient of friction of W-DLC in base oil and fully formulated oil 
tested for six hours on pin on reciprocating plate tribometer 
 
Figure 4-25: Coefficient of friction of W-DLC in base oil and fully formulated oil 
tested for twelve hours on pin on reciprocating plate tribometer 
 
Figure 4-26: Coefficient of friction of W-DLC in base oil and fully formulated oil 
tested for twenty hours on pin on reciprocating plate tribometer 
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4.2.12.2. Steady State Friction W-DLC 
The steady state friction results for W-DLC are shown in Figure 4-27. Since the 
coating delaminated fully almost instantaneously, the steady state friction results for 
these coatings are unrepresentative of the coating itself.  
 
Figure 4-27: Steady state friction of W-DLC after tribological testing in base oil 
(BO) and fully formulated oil (FF) 
4.2.12.3. W-DLC Wear Volume and Wear Rate  
The wear rate for W-DLC is shown in Figure 4-29. The wear rate is high for the first 
six hours of the base oil and fully formulated oil tests; this is due to the coating fully 
delaminating. Since a factor of the wear rate is time, the rate here is seen to go 
down, since there is no coating left on the surface of the sample, whilst the wear 
volume (shown in Figure 4-28) remains quite similar throughout each duration – 
since all of the coating has been lost, and only the substrate is left to be worn.  
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Figure 4-28: Wear Volume of W-DLC after tribological tests in base oil (BO) and 
fully formulated oil + ZDDP (FF) 
 
 
Figure 4-29: Wear Rate for W-DLC after tribological tests in base oil (BO) and fully 
formulated oil + ZDDP (FF) 
4.2.13. Microscope Images of W-DLC Coating Wear 
Microscope images of the W-DLC samples tested on the tribometer in base oil for 
six and twenty hours, and in fully formulated oil + ZDDP for six and twenty hours 
are presented in Figure 4-30, respectively. The severity of wear increases over time 
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in the tests conducted in base oil, but as can be seen from the wear volume, only 
slightly as most of the material has been removed. 
 
W-DLC in base oil after six hours 
 
W-DLC in base oil after twenty hours 
 
W-DLC in fully formulated oil + ZDDP after six hours 
 
W-DLC in fully formulated oil + ZDDP after twenty hours 
Figure 4-30: Wear images of W-DLC plate 
4.2.14. Microscope Images of Counter-body Wear for W-DLC 
The cast iron counter bodies used in the tribometer tests against W-DLC in base oil 
for six and twenty hours and in fully formulated oil for six and twenty hours are 
presented in Figure 4-31, a, b, c and d respectively.  It is apparent on each of the 
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images that some of the W-DLC has transferred onto the pin. This appears to be 
worse in the samples tested in base oil than in fully formulated oil + ZDDP. 
  
Base oil – six hours Base oil – twenty hours 
 
 
Fully formulated oil + ZDDP – six hours Fully formulated oil + ZDDP – twenty 
hours 
Figure 4-31: Microscope images of counter-body after tribometer testing against W-
DLC 
The following key points can be made about the W-DLC sample relating to the 
friction and wear results obtained using base oil and fully formulated oil + ZDDP: 
 The W-DLC performed poorly and delaminated in all of the tests conducted 
in base oil and fully formulated oil + ZDDP 
The W-DLC coating performed catastrophically in each of the tribometer tests. It 
can be seen from the wear volume this sample experienced after the tribometer 
testing, seen in Figure 4-28 that the values are an order of magnitude higher than 
those experienced by  the a-C:H coating in both base oil and fully formulated oil + 
ZDDP. This increase in wear occurs in the literature, Kalin et al. [187] discovered 
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recently that W-DLC did not perform well within a sliding environment in base oil 
or in a fully formulated oil with anti-wear and extreme pressure additives. The W-
DLC failure is attributed to severe adhesive wear and mutual transfer of coating and 
counter-body species, as is evidenced by the coating residue seen in Figure 4-31, 
causing an alteration in coating structure and the decomposition of the W-DLC, 
forming complex carbides (η-phase W6-xFexC). The drop in wear rate of the W-DLC 
seen in Figure 4-29, at first glance seems promising, however when compared to the 
wear volume it was clear that the wear rate had decreased due to the coating fully 
delaminating, and there being no material left to wear through. It has been suggested 
by Vengudusamy et al. [105] that wear induced graphitisation can inhibit the 
formation of the distinctive phosphate pad like structure, which is typically formed 
by the ZDDP additive, this mechanism could be inhibiting tribo-film formation 
within this study as seen in both the W-DLC and Si-DLC samples.  
It is apparent from the microscope images of this sample shown in Figure 4-30, that 
after six hours testing in base oil, the coating is less severely damaged (although still 
heavily damaged relative to that seen in the a-C:H coating in Figure 4-14). The 
microscope images reinforce the wear volume data, showing that the coating has 
fully delaminated, with evidence of the interlayer structure seen at the ends of each 
wear scar. It is proposed here that a mechanism similar to that presented in section 
7.1.3 is taking place; an adhesive wear mechanism which is evidenced by the 
transfer of DLC material to the cast iron counter-body surface (image presented in 
Figure 4-31). This occurred in all instances of testing; in base oil and fully 
formulated oil + ZDDP. The adhesion experienced during the wear testing has led to 
the complete removal of the coating, this has also been noted by other researchers 
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[188]. From the results presented here, it is apparent that this particular W-DLC 
coating (Balinit C*) is not suitable for this application; however other formulations 
may be more compatible, depending on the coating. 
4.2.15. Counter-body Wear for a-C:H, Si-DLC and W-DLC 
The wear for the cast iron counter-body from the six and twenty hour experiments in 
base oil and fully formulated oil is seen in Figure 4-32. As can be seen from the 
graph, the counter-body against the a-C:H showed a lower wear area in the tests 
using fully formulated oil, whereas the Si-DLC and W-DLC counter bodies had a 
higher wear area in the fully formulated oil compared with the base oil. Figure 4-33 
shows the wear rate for the cast iron counterparts.  
 
Figure 4-32: Pin wear of a-C:H, Si-DLC and W-DLC after tribo-testing against DLC 
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Figure 4-33: Wear rate for cast iron counter-body for a-C:H, Si-DLC and W-DLC 
after six and 20 hours sliding in base oil and fully formulated oil + ZDDP (FF oil) 
From the wear rate, it is clear that that counter-body sliding against the a-C:H had a 
lower wear rate in fully formulated oil + ZDDP than in base oil, this was not the 
case where the counter-body was sliding against Si-DLC and W-DLC, where after 
432 m of sliding, the wear rates are considerably greater in base oil. After 1440 m 
sliding, the wear rates of the counter bodies against the Si-DLC show a much lower 
discrepancy, whereas the W-DLC presents a much larger difference. 
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Table 4-5: Summary of wear tests of a-C:H, Si-DLC, W-DLC and counter-body 
Sample Lubricant Distance Delaminated Wear Rate 
counterbody 
(x10
-8
 
m
3
/Nm) 
Wear rate 
plate 
(x10
-17
 
m
3
/Nm) 
a-C:H 
Base oil 432  5.64 0.58 
1440  1.94 1.31 
Fully 
formulated 
oil + ZDDP 
432  4.79 0.33 
1440  1.76 0.14 
Si-DLC 
Base oil 432  4.38 4.19 
1440  2.20 3.28 
Fully 
formulated 
oil + ZDDP 
432  6.57 2.22 
1440  2.43 2.60 
W-DLC 
Base oil 432  6.07 14.35 
1440  1.50 5.30 
Fully 
formulated 
oil + ZDDP 
432  13.10 10.27 
1440  3.85 7.40 
 
4.2.16. Scanning Electron Microscopy and Energy Dispersive X-ray 
Analysis 
In order to further gauge the severity of wear, any potential tribochemical reactions 
and mechanisms, the samples were taken to be examined under SEM, EDX and 
white light interferometry, these techniques are described in 3.6, 3.7 and 3.11, 
respectively.  
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SEM and EDX analysis was carried out in the wear scars of the a-C:H, Si-DLC and 
W-DLC sample in order to determine the severity of the wear experienced by the 
samples. This was done using EDX point and mapping to detect which elemental 
species were present. The samples were thoroughly cleaned in an ultrasonic bath in 
acetone for 15 minutes to ensure that no tribo-film or lubricant species were present 
on the surface of the samples prior to observation. The SEM and EDX images are 
given in Figure 4-34, Figure 4-35 and Figure 4-36 for a. a-C:H, b. Si-DLC and c. W-
DLC, respectively, after pin on reciprocating plate tests in fully formulated oil for 
twenty hours.  
 
Figure 4-34: SEM image and EDX analysis for a-C:H after pin on reciprocating 
plate test in fully formulated oil + ZDDP for twenty hours 
From the SEM images it can be seen that different mechanisms of wear are taking 
place. The a-C:H shows micro grooves on the surface whereas the Si-DLC shows 
little evidence of this, just delamination. 
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Figure 4-35: SEM image and EDX analysis for Si-DLC after pin on reciprocating 
plate test in fully formulated oil + ZDDP for twenty hours 
The W-DLC was completely delaminated. The EDX scans for these samples show 
that the a-C:H was not removed. The Si-DLC shows large amounts of interlayer and 
substrate species, Cr, WC and Fe. A different approach to the EDX was taken with 
the W-DLC in order to present the severity of delamination. Only a small amount of 
carbon is present in the wear scar, with a majority of Cr and WC interlayer species, 
demonstrating that the coating has fully delaminated.  
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c. W-DLC 
Figure 4-36: SEM image and EDX analysis for W-DLC after pin on reciprocating 
plate test in fully formulated oil + ZDDP for twenty hours 
4.2.17. White Light Interferometry  
The samples that were tested on the pin-on-reciprocating-plate tribometer for twenty 
hours in fully formulated oil were examined (along with all of the other samples 
from this chapter) under a white light interferometer detailed further in 3.11. The 
white light interferometer gave values for wear volume which are presented earlier 
in this chapter. The images gained from the twenty hour tests are presented in Figure 
4-37, which show the depth of the wear scars. It can be seen that very little of the a-
C:H was worn, whereas in the Si-DLC and the W-DLC much more of the coating 
has been removed.  
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a. a-C:H b. Si-DLC 
 
c. W-DLC 
Figure 4-37: White light interferometry images for a. a-C:H, b. Si-DLC and c. W-
DLC after testing on pin on reciprocating plate tribometer for twenty hours in fully 
formulated oil + ZDDP showing the wear tracks of three selected samples 
4.2.18. Atomic Force Microscopy 
After the wear testing was completed, it was apparent that the tungsten doped DLC 
did not function well within the tribometer tests after delaminating completely and 
no trace of DLC being left on the substrate within the wear scar, and as such was 
discontinued from further testing. The wear rates of DLC and Si-DLC were 
significantly lower in the tribological testing using fully formulated oil. This oil 
contained the anti-wear additive which is effective in steel/iron systems and is well 
documented in the literature [33, 189]. However there is a debate as to whether this 
additive has an effect on DLC coatings [115]. The a-C:H and Si-DLC samples were 
inspected using a VEECO AFM before and after tribological testing, these images 
can be seen in Figure 4-38 and Figure 4-39 respectively. The experimental details 
are outlined in 3.12.  
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a. a-C:H b. Si-DLC 
Figure 4-38: AFM images of a. a-C:H and b. Si-DLC prior to tribological testing 
 
  
a. a-C:H Six Hours b. a-C:H Twenty Hours 
 
  
c. Si-DLC Six Hours d. Si-DLC Twenty Hours 
Figure 4-39: AFM Images of a-C:H and Si-DLC after six and twenty hours on the 
tribometer using fully formulated oil + ZDDP 
It can be seen in Figure 4-39 a. that the a-C:H tested in six hours is relatively 
unaffected by the sliding, whereas the Si-DLC in Figure 4-39 c. tested for six hours 
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begins to show signs of wear, as can be seen by the directionality of the wear track 
beginning to form.  
The images shown for the testing conducted for twenty hours are shown for a-C:H 
and Si-DLC in Figure 4-39 b. and d. respectively. Each of the images shows 
evidence of a tribo-film, though the patchy like structure is more evident in the a-
C:H image. The images show evidence of wear mechanisms, the Si-DLC shows 
signs of polishing wear and some directional wear, also delamination as is evidenced 
by the wear volume loss and SEM images of the coating. The a-C:H was protected 
by what appears in the AFM images to be a tribo-film, the Si-DLC appears to have a 
similar structure, but since the tribo-testing showed severe delamination of this 
coating, it was not continued to the further X-Ray Photoelectron Spectroscopy 
(XPS) testing. 
4.2.19. XPS 
X-ray Photoelectron Spectroscopy was used in this project in order to determine 
whether or not a tribo-film was present on the surface of DLC. 
XPS was carried out on the a-C:H sample alone using the method described in 3.8. 
Since the Si-DLC sample had delaminated partially during the tribometer testing and 
showed little signs of a tribo-film in the AFM analysis, it was not included. The W-
DLC sample was not included due to the severe delamination experienced by this 
coating during tribo-testing.  
XPS analysis was carried out on the cast iron counter-body and the a-C:H sample 
after tribo-testing on a pin on reciprocating plate tribometer for six and twenty hours 
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in fully formulated oil containing ZDDP. The survey scans for these samples can be 
found in Figure 4-40. 
  
a. b. 
  
d. e. 
Figure 4-40: XPS survey scan of a. cast iron pin and b. a-C:H after six hours and c. 
Cast iron pin and d. a-C:H after twenty hours on tribometer in fully formulated oil. 
Each element present was quantified and the atomic percentage present for the a-
C:H coating and the cast iron counter-body is given in Table 4-6. 
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Table 4-6: XPS elemental quantifications of cast iron counter-body and a-C:H in 
fully formulated oil + ZDDP after twenty hours. 
Element Cast Iron 
Counter-
body 
a-C:H 
C 1s 61.2% 77.2% 
Ca 2p 3.5% 3.6% 
Fe 2p 2.4% 0.1% 
K 2p 3/2 0.2% 0% 
N 1s 0% 0% 
Na 1s 0.2% 0% 
P 2p 2.6% 3.9% 
S 2p 3.9% 1% 
Zn 2p 3/2 0.7% 0.5% 
The most common element for both samples was carbon, this was expected due to 
the high content of carbon in both samples. Species known to be present in the 
lubricant were also found at the surface such as dispersants and antioxidants, Ca, Na, 
P, Zn. Contaminants such as Na and K were also found at the surfaces. In order to 
gain a more in depth view of the chemical species present, the XPS curves were 
fitted using Casa XPS software so as to gain a quantitative analysis of the binding 
energies, corresponding chemical compounds and their atomic concentration in the 
tribo-film. This information is presented for both the cast iron pin and the a-C:H 
surface for six and twenty hours testing in Table 4-7 and Table 4-8 respectively. An 
example of the curve fitting for these elements is shown for the cast iron pin in 
Figure 4-41 and for the a-C:H in Figure 4-42. 
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Table 4-7: Binding energies, chemical composition and concentration of the XPS 
analysis carried out on a-C:H and the cast iron counter-body after six hours testing 
Sample Element Binding Energy 
Chemical Species and 
concentration 
a-C:H 
after six hour 
tribometer 
test 
O 1s 
531.9 
532.9 
Phosphate/Sulphate (41%) 
Phosphate (59%) 
S 2p 163 Sulphide (100%) 
P 2p 
133.5 
134.5 
Pyrophosphate (41%) 
Metaphosphate (59%) 
Zn 2p 1022.9 
ZnS/ZnO/Zn-Phosphate 
(100%) 
Cast Iron 
Counter-
body 
After six 
hour 
tribometer 
test 
O 1s 
531.4 
533.2 
Phosphate/Sulphate (88%) 
C-O Compound (12%) 
S 2p 
160.8 
161.9 
Sulphide (21%) 
Sulphide (79%) 
P 2p 
132.9 
133.8 
Pyrophosphate (51%) 
Pyrophosphate (49%) 
Zn 2p 1022 
ZnS/ZnO/Zn-Phosphate 
(100%) 
 
 
 
 
 
 
 
129 
Table 4-8: Binding energies, chemical composition and concentration of the XPS 
analysis carried out on a-C:H and the cast iron counter-body after twenty hours 
testing 
Sample Element Binding Energy 
Chemical Species and 
concentration 
a-C:H 
after twenty 
hours 
tribometer 
test 
O 1s 532.1 Phosphate/Sulphate (100%) 
S 2p 
160.9 
162.3 
Sulphide (11%) 
Sulphide (91%) 
P 2p 
133.6 
134.4 
Pyrophosphate (67%) 
Metaphosphate (33%) 
Zn 2p 1022.6 
ZnS/ZnO/Zn-Phosphate 
(100%) 
Cast Iron 
Counter-
body 
After twenty 
hours 
tribometer 
test 
O 1s 
529.9 
531.7 
Fe2O3 (10%) 
Phosphate/Sulphate (90%) 
S 2p 
161.1 
162.2 
Sulphide (21%) 
Sulphide (79%) 
P 2p 
133.1 
133.9 
Pyrophosphate (67%) 
Pyrophosphate (33%) 
Zn 2p 1022.1 
ZnS/ZnO/Zn-Phosphate 
(100%) 
It is apparent that tribo-film species are present on both the pin and plate as early as 
six hours, as is evidenced by the presence of zinc, phosphorus and oxygen phosphate 
components detected on the surface by the XPS, shown in Table 4-7.  The 
phosphorus peak at 133.7 eV, present on the a-C:H plate after six hours testing is 
typically associated with a glassy phosphate; this is the typical structure for a ZDDP 
tribo-film. 
In the twenty hours XPS results, the O1s peak shows a binding energy of 532.1 eV 
on the a-C:H surface, and 531.9 eV on the cast iron counter-body surface, which is 
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typically associated with phosphates and sulphates. After curve fitting the S 2p peak 
in both samples, it was discovered that this element exists in both samples as a 
sulphide, rendering the O bonding to be that of a phosphate, which can be attributed 
to the phosphate tribo-film theorised to form. The O 1s peak corresponds to Fe2O3 in 
the cast iron counter-body; this is known to react with the ZDDP in the lubricant to 
form a glassy phosphate tribo-film.  
  
a. P2p Peak on cast iron counter-body b. Zn2p Peak on cast iron counter-body 
 
c. O 1s Peak on cast iron counter-body 
Figure 4-41: Chemical species present at the cast iron counter-body surface after 
twenty hours tribometer testing 
Figure 4-42 a and b show phosphate and zinc peaks, showing that there is a P based 
tribo-film present at the surface of the DLC.  
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a. P2p Peak on a-C:H surface Zn2p Peak on a-C:H surface 
 
c. O 1s peak on a-C:H surface 
Figure 4-42: Chemical species present at DLC surface after twenty hours tribometer 
testing 
Figure 4-41 shows the P 2p and Zn 2p species present at the cast iron counter-body 
surface after twenty hours tribometer testing. This was expected since ZDDP reacts 
with the iron within the pin. These species are also found on the a-C:H surface as 
can be seen in Figure 4-42, proving that a tribo-film exists on the DLC surface. 
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These species have also been proven to be present at the surfaces of both the cast 
iron counter-body and the a-C:H surface after six hours tribometer testing. Due to 
the wear rate decreasing with an increasing tribometer testing time as shown in 
Figure 4-13 and the obvious presence of the tribo-film on the twenty hour test 
sample when imaged using AFM, but lack of any being seen on the AFM (Figure 
4-39) of the sample tested for six hours, it is clear that this builds up over time. It is 
theorised here that the tribo-film first forms on the cast iron counter-body and is 
transferred to the DLC surface during the tribometer testing.  
The following key information can be noted following the XPS results 
 The ZDDP lubricant additive has formed on the cast iron counter-body and 
the a-C:H surface, forming a protective layer after durations of six and 
twenty hours tribometer testing. 
 The phosphate layer has developed over time on the a-C:H surface, 
providing protection from wear. 
4.3. Summary 
The results presented in this chapter show the mechanical (thickness, hardness, 
elastic modulus, critical load (scratch test) and sp
2
 content) and tribological 
properties (friction, wear, tribo-film formation) of three different types of DLC. 
Their tribological ability was tested in two different oils. Friction and coating 
durability was found to be heavily reliant on the type of oil used in the a-C:H case, 
performing better in the fully formulated oil tests, also the presence of a ZDDP 
based tribo-film was found on the coating, which is shown to protect the surface 
from wear. The Si-DLC coating was found to delaminate under the test conditions 
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used, the W-DLC delaminated completely under testing, and both of these coatings 
are shown here to be unsuitable for this application. 
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Chapter 5  
Results: Microwave Plasma Enhanced Chemical 
Vapour Deposition Using One Microwave Source 
5.1. Introduction 
In this chapter, Diamond-Like Carbon coatings created using microwave PECVD 
are assessed. Their mechanical and tribological properties are evaluated using a 
range of techniques. The focus of this chapter is how the deposition parameters of 
the coating process affect the mechanical (and eventually) tribological properties of 
the coatings. All of the tests were carried out using a half load on the substrate table. 
This enabled the user to physically see if plasma was present in the chamber, as no 
in-situ detection is present within the deposition system. The order of testing was as 
follows: 
In the first part of this chapter, only one microwave source was used to deposit the 
coatings. This was to determine the effect that only one source had on the coatings, 
which would be compared with two microwave sources later in the chapter. 
 The effect that the gas ratio (C2H2:Ar) within the chamber was assessed 
using only one microwave source. The samples were placed in two positions; 
one just above the microwave source and one directly in front of the source.  
 The correct position was further defined using more samples spanning the 
length of the dummy. 
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 The DLC deposition time was refined in order to ensure stability of the 
microwave process and the optimum thickness of the coatings for testing.  
 In the last stage of the testing using only one source a full factorial matrix 
was designed in order to test the combined effect that altering the gas ratio 
and the bias voltage simultaneously had on the DLC coatings. 
In the second part of this chapter, two sources were used. The main focus of this 
chapter was to determine the optimum hardness of the samples by varying the bias 
voltage as it was seen in the literature to have a large impact on the hardness of the 
coatings [18, 56, 103]. The order of testing for two microwave sources was as 
follows: 
 The optimum position of the samples in the chamber had to be determined, 
and so a positional test was carried out which was similar to that conducted 
using one source in the first part of this chapter.  
 Following this, it was evident that the microwave sources were stable and a 
higher power was proposed to be used within the next series of experiments, 
the power was tested at 1000 W and 1200 W.  
 An experiment which varied the bias voltage only was conducted next. The 
bias voltage was varied from 50 – 300 V in increments of 50 V. The 
maximum of 300 V was chosen, as above this value has a detrimental effect 
on the coating properties, such as hardness and elastic modulus [190, 191] 
 After the bias scan series of experiments it was found that the highest 
hardness lies between two points of the bias voltage, 200 and 250 V, a 
further series of experiments were conducted between these points at smaller 
increments of 10 V.  
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5.2. Gas Ratio Tests 
The first tests conducted using the microwave PECVD system were the gas ratio 
tests. These experiments served two purposes; to determine the stability of the 
source when different amounts of acetylene are used (the source is initially ignited 
in a pure argon atmosphere and acetylene is introduced gradually in order to ensure 
stability), and to gauge the effect that this had on the final coatings. Conservative 
values based on previous experiences of Hauzer Technocoating were used for the 
constant parameters as it was the initial test. The negative bias voltage was - 100 V 
as this was found to be a stable bias to use as seen in the literature [103, 191], the 
microwave power at 800 W and the test duration was set at 33 minutes. The 33 
minutes duration allowed for a two minute microwave ignition in pure argon 
atmosphere to initially stabilise the plasma, the acetylene was then introduced 
gradually for two minutes. The interlayer used was a simple Cr adhesion layer. This 
allowed for adequate adhesion of the DLC coating and a shorter overall coating 
time, the recipe for which can be found in Table 4-1. 
5.2.1. Recipe 
The tests were performed using one source only; the full processing parameters can 
be seen in Table 5-1. The samples were placed in the chamber at three different 
positions as shown in Figure 5-1. 
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Table 5-1: Processing parameters for gas ratio experiments 
Step Time 
(mins) 
Gas Flow 
(sccm) 
Bias 
(V) 
Coil 
Current 
(A) 
Cr 
Cathode 
(kW) 
WC 
Cathode 
(kW) 
wave 
source 
6.2 (kW) 
Ar C2H2 
Pumping 20 - - - - - - - 
Plasma 
source 
etch 
15 50 - - 200 - - - - 
Cr 15 110 - - 25 4 5  - 
wave 
DLC 
33 Variable - 100 3 - - 0.8 
 
Figure 5-1: Position of the samples on the substrate holders in the deposition 
chamber for microwave gas ratio experiments. 
The bias current trends for the gas ratio matrix are presented in Figure 5-2. This is 
useful in determining the stability of the process as it monitors the current across the 
isolated substrate table, which indicates when there is plasma present (due to the 
charged nature of the plasma). If the bias current drops to zero, it means that the 
process has halted and no coating deposition is taking place. The process ran 
smoothly until around 25 minutes for most of the processes as can be seen in Figure 
5-2, where the bias current was very low. An exception to this is in the experiment 
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using 30% C2H2 where the bias current remains quite high relative to the other 
ratios. From the thickness of the DLC formed on the samples (shown in Table 4-2 it 
is clear that this steady bias current is due to a lower deposition rate of DLC coating 
on the substrate table. The lowest current is in the process which ran with 80% 
acetylene. It is obvious that the high deposition rate of DLC is detrimental to the 
long running duration of the process; this is due to the DLC coating building up and 
insulating the substrate table and therefore the bias voltage. This can be seen in the 
decline in bias current over time in Figure 5-2. When the bias current is 0, the 
plasma is unable to be sustained and thus is extinguished. The duration of the tests 
will be optimised in future experiments presented in this thesis. 
 
Figure 5-2: Trend showing the bias current for samples in the DLC deposition 
process in the gas ratio matrix tested at 100 V bias voltage for 33 minutes 
As can be seen in Figure 5-3, the temperature of the processes did not exceed 100 
°C, and all followed the same upward trend. 
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Figure 5-3: Temperature of the substrate table during the microwave deposition 
process of the gas ratio samples 
5.2.2. Thickness 
The thickness of the coatings was determined using a calo tester. The thicknesses of 
the coatings for this experimental matrix are presented in Figure 5-4, with images of 
these presented in Figure 5-5. The thickness of the samples placed directly in front 
of the microwave antenna (position two and three) was higher than those placed at 
the top of the reflector (position one), as expected. The samples placed in positions 
two and three also experienced more delamination and much more instability, 
possibly due to the higher thickness of the DLC.  
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Figure 5-4: Thickness of gas ratio experiments – whole coating including interlayers 
The samples placed in position one varied slightly in thickness but only by ± 0.5 
m, with the highest thickness recorded at 40% acetylene, and the lowest at 30%. 
These results differed from those in positions two and three, in these positions the 
thickness increased with the acetylene percentage which was expected, with the 
thickest DLC deposited at 80% acetylene at 4.8 m, which is very thick for a 
coating of this nature. The samples displaying zero thickness had delaminated after 
being removed from the chamber. The thickness of the DLC generally increases as 
the acetylene flow is increased, however at values between 40 – 60% the thickness 
appears to remain stable. 
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C2H2 % Position 
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Figure 5-5: Images of the coatings made in the gas ratio series of experiments after 
calo testing to measure the thickness. (Where there is an x in place of an image, no 
coating was deposited onto the substrate and no calo test was done).  
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Figure 5-5 presents the microscope images of the samples after thickness tests were 
conducted. It was difficult to determine the thickness in some samples, such as 60% 
acetylene in position three, and 70% acetylene in position two due to the 
delamination of the coating about the abrasive wear scar. This shows that the 
coatings contain internal stresses and quite readily delaminate. 
5.2.3. Hardness and Elastic Modulus 
The hardness of the samples can be seen in Table 5-2. Only samples placed in 
position one were tested for hardness, this is due to the samples in positions two and 
three being thicker than was necessary and not useful for the application chosen for 
the coatings. The hardness of the samples is low, at a maximum of 10 GPa at 60% 
C2H2. These are comparable to soft a-C:H samples seen in the table created from the 
literature in Table 2-2, which is below the range expected of these coatings ( >15 
GPa). Due to the preliminary nature of the coatings, the microwave power was 800 
W; in the next series of experiments the power was increased to 1000 W to 
determine whether this has an effect on the coating properties.  
Table 5-2: Hardness of samples tested in gas ratio experiments 
C2H2 % Hardness (GPa) ± 
40 8.03 1.36 
60 10.42 0.33 
70 8.22 0.83 
80 8.62 1.47 
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5.2.4. Scratch Test Results 
The critical loads achieved by the samples were comparable to other DLC coatings 
in the literature 15 – 25 N [192]. The sample created at 30% acetylene gas was not 
examined due to its delamination before the testing could begin. The sample 
produced using 80% acetylene has the highest critical load at 39.94 ± 3.42 GPa. The 
images taken from the scratch tests can be seen in Figure 5-7. It is seen that the 80% 
acetylene sample fares much better, this cannot be attributed to thickness alone (as 
the samples at 40% and 50% have similar thicknesses), nor hardness (as the values 
of hardness for 40% and 70% are similar). 
 
 
Figure 5-6: Critical load values from scratch testing of the DLC coatings produced 
in the gas ratio matrix 
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Figure 5-7: Scratch test imaged taken from critical load experiments using 0 – 60 N 
gradual loading on DLC coatings produced in the gas ratio matrix 
5.2.5. Summary 
The following key points can be made about the gas ratio experiments using 
microwave PECVD: 
 Thickness is high for a short deposition process (~ 33 minutes rather than 
150 minutes for PECVD). However the deposition time is deemed too long 
due to instability of the sources. 
 Low hardness is attributed to low microwave power and bias voltages. These 
are to be refined later in this chapter.  
 Critical load is below expected range (< 30 N) this is attributed to poor 
adhesion layer of only Cr deposited for 15 minutes.  
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5.3. Optimum Time Tests Using One Microwave Source 
The correct amount of time needed for the optimum thickness for the final 
microwave DLC step had to be determined as 33 minutes was seen to be too long. 
These tests were performed using two different interlayers; one chromium and one 
chromium/tungsten carbide interlayer in order to compare the effect these had on the 
durability of the final coating after the delamination seen in the gas ratio tests. The 
tests were performed for durations of 10, 15, 20 and 30 minutes 
5.3.1. Recipe 
Table 5-3: Recipe for thickness versus time tests for DLC deposited with a Cr 
interlayer 
Step Time 
(mins) 
Gas Flow 
(sccm) 
Bias 
(V) 
Coil 
Current 
(A) 
Cr 
Cathode 
(kW) 
WC 
Cathode 
(kW) 
wave 
source 
6.2 
(kW) Ar C2H2 
Pumping 20 - - - - - - - 
Plasma 
source 
etch 
15 50 - -200 - - - - 
Cr 15 110 - -25 - 5 - - 
wave 
DLC 
10, 15, 
20, 30 
~50% ~50% - 100 3 - - 1 
Table 5-3 shows the recipe for the sample containing only the Cr interlayer, and 
Table 5-4 shows the recipe for the sample containing Cr + WC interlayer. These 
recipes were again based on a standard a-C:H and microwave DLC recipe, with the 
interlayer deposition duration shortened due to the preliminary nature of the 
experiments. The microwave DLC step was again based on a standard Hauzer 
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recipe, with the time as the variable to determine the thickness and stability of the 
sources. The stability of the sources was a very important factor when determining 
the success of the recipe; this can be affected by duration, power and bias voltage, 
gas ratio, pressure etc. The duration of the experiments is important as the build-up 
of insulating DLC on the substrate table (where the bias is present) will extinguish 
the plasma.  
Table 5-4: Recipe for thickness versus time test for DLC deposited with a Cr + WC 
interlayer. 
Step Time 
(mins) 
Gas Flow 
(sccm) 
Bias 
(V) 
Coil 
Current 
(A) 
Cr 
Cathode 
(kW) 
WC 
Cathode 
(kW) 
wave 
source 
6.2 
(kW) Ar C2H2 
Pumping 20 - - - - - - - 
Plasma 
source 
etch 
15 50 - -200 - - - - 
Cr 15 110 - - 25 4 5  - 
Cr/WC 30 110 - - 4 3 – 0.5 0.5 - 3 - 
wave 
DLC 
10, 15, 
20, 30 
~50% ~50% -100 3 - - 1 
The bias current for each of the time tests with chromium and chromium and 
tungsten carbide interlayers are shown in Figure 5-8 and in Figure 5-9 respectively. 
The processes are generally quite stable, with the 30 minute processes (samples d 
and h) being the exception in both interlayer cases. This suggests that a duration of 
over 25 minutes is in excess of what the process is capable of, becoming unstable at 
this time.  
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Figure 5-8: Bias current for optimum time tests with Cr interlayer 
 
 
Figure 5-9: Bias current for optimum time tests with Cr + WC interlayer 
Since the bias current is reliant on the stability of the process, it can be seen from the 
trends shown in Figure 5-7 and in Figure 5-8 that this can be somewhat 
unpredictable at times. Several steps were taken in order to ensure that the process 
was controlled. The plasma was monitored closely visually (as no remote detection 
system was in place) and the bias current was monitored closely also. If the process 
began to become unstable then the stub tuner positions were altered until stability 
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was achieved. Again, this was not an automated process and had to be undertaken by 
hand. Care was taken to ensure that if the process was interrupted by instability that 
this time was made up later in the process. 
5.3.2. Thickness 
The thickness of the entire coating from both sets of experiments can be seen in 
Table 5-5, the thickness varies as expected, i.e. increasing with time. One exception 
of this is the experiments performed with a 30 minute duration. This is due to the 
microwave sources becoming unstable at this length of time due to the coating build 
up around the chamber, which insulates the substrate table, resulting in the process 
only lasting for 22 minutes for the Cr + DLC sample and 23 minutes for the Cr + 
WC + DLC samples. The samples were not tested for hardness due to the 
preliminary nature of the experiments, the critical load was tested, however in order 
to determine the adhesion of the coating with different interlayers. 
Table 5-5: Thickness of the DLC samples created with a Cr and Cr + W-DLC 
interlayers determined using a calo-tester. 
 Cr + DLC   Cr + WC + DLC 
Sample 
Time 
Thickness 
(µm) 
DLC 
Thickness 
(µm) 
 
Sample 
Time 
Thickness 
(µm) 
DLC 
Thickness 
(µm) 
A 10 1.25 0.74  E 10 1.54 0.8 
B 15 1.28 0.77  F 15 1.76 1 
C 20 1.68 1.17  G 20 2 1.3 
D 30 1.48 0.97  H 30 2.15 1.4 
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5.3.3. Scratch Test Results  
Scratch testing was carried out on the samples to determine the effect the different 
interlayers had on the adhesion of the coating. The results obtained from the scratch 
tests on these samples can be seen in Figure 5-10. The samples all performed well, 
and mostly above the critical load achieved by the standard a-C:H (31.4 N). It is 
clear that the samples with the Cr + WC interlayer performed better than those with 
just a Cr interlayer overall, but only marginally. The samples in the 30 minute 
process time were not tested; this was due to the process stopping short of this 
duration. 
 
Figure 5-10: Scratch test results of the samples tested to determine correct duration 
in the microwave step 
5.3.4. Summary 
The following key points can be made about the optimum time tests using one 
source experiments: 
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 The process became unstable after ~ 20 minutes, rendering this the upper 
limit for processing duration in the microwave PECVD DLC stage. This is 
due to coating build up on the substrate table which also serves as a bias 
voltage. An insulating coating build up on this table will extinguish the 
microwave sources as there is no bias voltage to sustain it. 
 The thickness of coatings produced after this time tended to remain similar to 
or less than those at 20 minutes. This indicates that re-sputtering has taken 
place or the process has ended prematurely due to the plasma being 
extinguished by the instability of the sources. 
 The different interlayers did not have a significant impact on the scratch 
resistance of the coatings; the test conducted at 20 minutes with only a Cr 
interlayer is the same as in the gas ratio, which indicates further that this test 
duration is too long; a lower duration will be carried forward in the testing. 
 A test time of 10 minutes + 3 minutes is proposed for future experiments. 
The three additional minutes will allow for stabilization of the microwave 
plasma, after two minutes the acetylene gas will be introduced gradually over 
a further two minutes, allowing for a solid 10 minute deposition time. 
5.4. Tests to Determine the Optimal Position of Samples Using One 
Microwave Source 
After the optimal time was established for the DLC stage of the process, the correct 
position for the samples on the substrate holder had to be determined; this is due to 
the non-uniform nature of the technique as shown in Figure 6-1. Samples were 
151 
placed along the length of the dummy and the calo-tester was used to determine the 
thickness at 1 cm intervals on the samples.  
5.4.1. Recipe 
For these tests, the recipe was a simple Cr + Cr/WC + Microwave DLC coating, as 
shown in Table 5-6. A WC layer was added due to the Cr only layer due to the 
Cr/WC interlayer DLC coating having a higher critical load at longer durations in 
the previous experiments. The interlayer duration was shorter than is commonly 
used in DLC processes, in order to shorten the process time for the preliminary 
experiments, and still achieve sufficient adhesion. 
Table 5-6: Recipe for the tests to determine optimum position of samples in the 
deposition chamber using one microwave source 
Step 
Time 
(mins) 
Gas Flow 
(sccm) 
Bias 
(V) 
Coil 
Curren
t (A) 
Cr 
Cathod
e (kW) 
WC 
Cathode 
(kW) 
wave 
source 
6.2 
(kW) Ar 
C2H
2 
Pumping 20 - - - - - - - 
Plasma 
source 
etch 
15 50 - - 200 - - - - 
Cr 10 110 - - 25 4 5 - - 
Cr/WC 30 110 - 0 4 3 – 0.5 0.5 – 3 - 
wave 
DLC 
13 50% 50% - 100 3 - - 1 
The recipe was based on a standard PECVD a-C:H and Microwave DLC recipe. The 
DLC step was 13 minutes in duration; this includes a two minute delay time on the 
C2H2 and a two minute ramping time up to 50% C2H2. The ramping time is added so 
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as to introduce the hydrocarbon gas to the chamber slowly after initial microwave 
ignition in an argon atmosphere. The argon atmosphere serves to rid the chamber of 
impurities that may then be incorporated into the coating. The parameters are 
monitored on the deposition system and are a useful tool to determine the stability of 
each process and to improve future experiments. The trend shown in Figure 5-11 
shows the microwave DLC process began at zero minutes and ended at fourteen 
minutes, with a two minute delay time before the C2H2 was introduced into the 
system and with a two minute ramp time up to full C2H2 flow. It can be seen that the 
process was very stable, with only a small amount of reflected microwave power (at 
two minutes, 80 V) but this was dispelled quickly using the impedance stubs. The 
microwave power was very stable throughout the duration of the experiment.  
 
Figure 5-11: Trend of the C2H2 flow, Ar flow,  bias voltage, microwave power and 
reflected power of the tests to determine the optimum position of the substrates 
using one microwave source. 
The bias current in Figure 5-12 shows the values for the final microwave stage of 
the process. It is important to monitor the bias current throughout the process in 
order to determine whether a plasma is present in the system alongside physically 
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seeing the plasma and therefore if coating deposition is taking place. As the process 
continues, the bias current can be seen to decrease; this is due to the loss in 
conductivity the substrate table experiences due to a build-up of insulating DLC 
coating on the surface. The bias current for this process is seen to remain stable. 
 
Figure 5-12: Bias current trend of the tests conducted to determine the optimum 
position of the substrates using one microwave source 
5.4.2. Thickness 
Table 5-7 shows microwave images and thickness of the position tests using one 
microwave source after thickness testing on the calo tester. It is seen that the quality 
of the coating deteriorates close to the extremities of the microwave source. No 
pictures are included for the upper and lower bounds; this is due to no coating being 
present upon removal from the substrate chamber. This is potentially due to high 
stresses present internally in the DLC, resulting in the instant delamination of the 
coating. 
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Table 5-7: Positional thickness test results including microscope images, one 
microwave source – entire coating thickness 
cm from 
bottom 
of 
dummy 
Thickness 
(m) 
Microscope 
image 
cm from 
bottom of 
dummy 
Thickness 
(m) 
Microscope 
image 
36 0.62 
 
35 0.6 
 
34 0.6 
 
33 0.61 
 
32 0.63 
 
31 0.66 
 
30 0.62 
 
29 0.68 
 
28 0.76 
 
27 0.81 
 
26 0.87 
 
25 0.80 
 
24 1.01 
 
23 1.02 
 
 
155 
Table 5-7 continued. 
cm from 
bottom 
of 
dummy 
Thickness 
(m) 
Microscope 
image 
cm from 
bottom of 
dummy 
Thickness 
(m) 
Microscope 
image 
22 1.24 
 
21 1.21 
 
20 1.30 
 
19 1.27 
 
18 1.18 
 
17 1.25 
 
16 1.04 
 
15 1.03 
 
No hardness or scratch testing was carried out on these samples due to the 
preliminary nature of the experiments, and the main focus being of the position in 
which to place the samples for optimum thickness (~ 1 µm). As can be seen from the 
thickness measurements in Table 5-7, the thickness of the coating fluctuated 
depending on the position relative to the microwave antenna. Figure 5-13 shows the 
thickness of the DLC deposited excluding the interlayers. It can be seen that in front 
of the microwave source produces the thickest DLC layer which was expected and 
also noticed in the gas ratio experiments. The position chosen in which to place the 
samples for future testing using one source was at 20 cm from the bottom of the 
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dummy, to achieve optimal thickness. The centre of the (circular) samples will be 
placed at this value. 
 
Figure 5-13: Thickness of the DLC layer produced when determining the optimal 
position for the substrates when using one microwave source 
5.4.3. Summary 
The following key points can be made about the positional testing conducted using 
one microwave source: 
 This series of testing has shown that the 10 minute deposition time + 3 
minute ignition time is sufficient time to achieve a coating of desirable 
thickness and that the buildup of the coating on the substrate table is not 
enough to inhibit the stability of the sources. 
 In future, the samples will be positioned 20 cm, from their centre to the 
bottom of the dummy. At this position the highest thickness was observed at 
1.3 µm.  
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5.5. Microwave PECVD Two Variable Matrix Using One 
Microwave Source 
After the preliminary experiments were completed, a matrix was designed to enable 
the combined effect of the gas ratio and the bias voltage on the end performance of 
the coatings to be determined. An empirical equation would be formulated to enable 
users of the deposition system at the University of Leeds to accurately predict the 
mechanical properties of the coating using the parameter values before deposition 
takes place. The series of experiments to determine the effect that the gas ratio had 
on the coating hardness showed only a minor difference from 40% to 80% 
acetylene, whereas the bias voltage was seen to have a large effect in both the 
experiments carried out later in this thesis and within the literature [193]. It is 
hypothesised here that the bias voltage and the gas ratio will have a combined effect 
to create a peak hardness. 
5.5.1. Test Matrix 
The test matrix was designed as a full-factorial matrix as shown in Table 5-8 which 
combined a high, medium and low value for each of the gas ratio and bias voltage. 
The high, medium and low values were chosen as 80%, 55%, 30% for C2H2 
percentage, and -300 V, -200 V and -100 V for the bias voltage, respectively. The 
value for the actual percentage of C2H2 in the system is given in the table, since the 
amount of C2H2 in the system had to be calculated and entered in manually. This 
deviated slightly from the desired amount in some cases. 
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Table 5-8: Test matrix 
Test number C2H2 % 
Actual % 
C2H2 
Bias Voltage 
1 30 30 -100 
2 55 55 -100 
3 80 78 -100 
4 30 30 -200 
5 55 55 -200 
6 80 79 -200 
7 30 30 -300 
8 55 54 -300 
9 80 80 -300 
5.5.2. Recipe 
The recipe for testing within this matrix is presented in Table 5-9. Within this matrix 
only one source was used. The interlayer used was based on those used in the a-C:H 
samples as outlined in Table 4-1, however it was condensed in order to shorten the 
experimental time frame. A solid interlayer was still used, incorporating chromium 
as the first adhesion layer and then tungsten carbide as the secondary layer as was 
confirmed to be sufficient in previous experiments. The final microwave DLC layer 
had a 13 minute duration as was found to be the optimum time as found in section 
5.3. The first two minutes were to allow the microwave source to ignite in a pure 
argon atmosphere, after which the acetylene gas was inlet at a gradual rate over two 
minutes. This allows for a reliable 10 minute deposition period. 
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Table 5-9: Recipe for microwave two variable matrix using one source 
Step 
Time 
(min) 
Gas Flow 
(SCCM) 
Bias 
(V) 
Coil 
Current 
(A) 
Cr 
Cathode 
(kW) 
WC 
Cathode 
(kW) 
 
wave 
6.1 
(kW) 
 
wave 
6.2 
(kW) Ar C2H2 
Heating 
200°C 
60 
Heating the chamber to 200C is necessary to optimise the 
performance of the plasma source. 
Plasma 
Etch 
10 50 - -200 4 - - - - 
Cr 15 110 - - 4 5 - - - 
Cr/WC 30 110 - - 4 3 – 0.5 0.5 – 3 - - 
Pumping 
Standby 
This step is necessary to reduce the pump speed before the microwave 
step. 
wave 
DLC 
13  
30%
55%
80% 
-100 
-200 
-300 
- - - - 1000 
The stability of the processes involved in this matrix is shown using the bias current 
in Figure 5-14. This shows that some of the processes were less stable than desired. 
Where the bias current is 0, no plasma is present in the system, this time lost was 
added on to the end of the process once it had been stabilised. 
 
Figure 5-14: Bias currents of the tests conducted in the two variable matrix 
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As can be seen in Figure 5-14, the bias current for test number two and five is zero 
for the first few minutes, this is because the microwave sources did not ignite 
initially, the duration was corrected for this and the time lost was added onto the end 
of the process. The temperatures experienced during these processes are shown in 
Figure 5-15. 
 
Figure 5-15: Temperature of the microwave deposition process for tests conducted 
in the two variable matrix 
5.5.3. Thickness 
The thickness of each DLC sample was calculated using the calo tester as previously 
described. These results are presented in a contour graph shown in Figure 5-16. The 
thickness is highest at 55% C2H2 and -100 V bias, with the thickness decreasing 
with increasing C2H2 ratio and with both extremities of bias voltage.  
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Figure 5-16: Thickness contour graph of two variable test matrix (entire coating) 
5.5.4. Hardness and Elastic Modulus 
The procedure for determining the hardness and elastic modulus was the same as has 
been previously described and is further detailed in 3.5. The hardness and elastic 
modulus were measured for each of the samples in this matrix. The results are 
tabulated in Table 5-10 and shown in graphs in Figure 5-17 for hardness and in 
Figure 5-18 for elastic modulus.  
Table 5-10: Microwave two variable matrix using one source, hardness and elastic 
modulus 
Test C2H2 % Bias Voltage 
Hardness 
(GPa) 
Elastic Modulus 
(GPa) 
1 30 -100 16 ± 1.4 141.4 ± 9.9 
2 55 -100 10 ± 0.5 98.2 ± 12 
3 80 -100 8.2 ± 1 78.6 ± 4.1 
4 30 -200 18.2 ± 1.4 168.2 ± 12.8 
5 55 -200 16.5 ± 1.5 135.8 ± 15.1 
6 80 -200 7.8 ± 1.2 87.9 ± 5.9 
7 30 -300 22.7 ± 1.8 185.5 ± 14.3 
8 55 -300 14.6 ± 1 142.9 ± 15.2 
9 80 -300 10.1 ± 0.8 101.7 ± 11.1 
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The hardness and elastic modulus of the samples are higher when combined than 
when tested individually. This shows that the variables have a synergistic effect on 
the coating properties. The highest hardness was seen at 30% C2H2 and at a -300 V 
bias; this was ~ 22.7 GPa which is desirable for this type of coating. 
 
 
Figure 5-17: Hardness of the microwave DLC coatings as a function of gas ratio and 
bias voltage 
 
 
Figure 5-18: Elastic Modulus of the microwave DLC coatings as a function of gas 
ratio and bias voltage 
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5.5.5. Semi-Empirical Equations Relating Bias Voltage and Gas Ratio to 
Hardness and Elastic Modulus 
A least squares regression was performed in order to determine the coefficients in 
the equation 5-1 and 5-2 which are third order based polynomials (2
3
). This gives a 
semi-empirical equation which will allow further users to determine the hardness of 
the coating by inputting bias voltage and gas ratio values before the testing has 
begun. The resulting equation for hardness is presented in equation 5-1, and for 
elastic modulus in equation 5-2. The graphs showing the fit for hardness and elastic 
modulus are presented in Figure 5-19 and Figure 5-20 respectively. 
         
     
          
     
     
      
   
5-1 
Table 5-11: Constant values for equation 5-1 
Constant Value (Unit) Constant Value (Unit) 
   2.931   
   (     )    2.275   
   (   ) 
   -2.935   
   (   )    2.043   
   (      ) 
   -1.296   
   (      )    -2.960   
   (     ) 
   -2.504   
   (     )    2.60     
   (      ) 
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Figure 5-19: Least squares regression fit to hardness data for Matrix 
Below is an equation to determine elastic modulus from bias voltage and gas ratio 
values which is derived from the experimental data: 
         
     
          
     
     
      
   
5-2 
Table 5-12: Constant values for equation 5-2 
Constant Value (Unit) Constant Value (Unit) 
   2.674  (     )    3.375   
   (   ) 
   -3.542   
   (   )    1.869   
   (      ) 
   -1.258   
  (      )    -8.857   
   (     ) 
   -2.011   
  (     )    1.407   
   (      ) 
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Figure 5-20: Least squares regression fit to elastic modulus data for the two variable 
matrix series of experiments 
For each of the equations given by the empirical results, the accuracy is given in 
Table 5-13. It can be seen that there is little error, and the equations can be relied 
upon to give a fairly accurate estimate of coating hardness with respect to deposition 
parameters of C2H2 ratio and bias voltage. 
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5.5.5.1. Accuracy 
Table 5-13: Accuracy values for the hardness and elastic modulus fit determined 
from least squares regression data fit to empirical data. 
C2H2 % Bias voltage 
Hardness Error 
(GPa) 
Elastic Modulus Error 
(GPa) 
30 -100 -0.038 -0.011 
55 -100 0.123 0.031 
80 -100 -0.075 -0.02 
30 -200 0.067 0.018 
55 -200 -0.148 -0.045 
80 -200 0.156 0.035 
30 -300 -0.027 -0.008 
55 -300 0.084 0.022 
80 -300 -0.06 -0.015 
5.5.6. Summary 
The following key points can be made about the microwave matrix experiments 
using one source: 
 A thicker interlayer was used after the results produced in the time testing 
suggesting that this would result in slightly better adhesion. These samples 
performed well in scratch testing. 
 The hardness varied depending on the parameters, the lowest hardness was 
found in the samples which were subject to low bias voltage and high gas 
acetylene percentages. 
 The highest hardness was found in samples experiencing low to medium 
acetylene concentrations and at medium to high bias voltages.  
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 An equation was generated using these results which will enable users on the 
machine to decide parameters based on desired properties of the coating. The 
error margins on this equation are acceptable.  
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Chapter 6  
Results: Microwave Plasma Enhanced Chemical 
Vapour Deposition Using Two Microwave 
Sources 
6.1. Introduction 
After the series of experiments using just one microwave source, the testing began 
with two sources. The microwave sources are vertically spaced equally within the 
chamber wall. It is hypothesised that using two sources the deposition rate will 
increase. Alongside this, due to the increased energy the extra source will bring to 
the system, other properties such as hardness and elastic modulus may increase. The 
primary goal of this series of experiments is to determine the highest value of 
hardness that may be achieved using this method of deposition.  
6.2. Tests to Determine the Optimal Position of Samples Using Two 
Microwave Sources 
As in section 5.4, the ideal position for the sample substrates had to be determined 
before any testing could commence, due to the non-uniform deposition nature of the 
microwave PECVD process and using two sources instead of just one will change 
the energy distribution across the chamber, shown in Figure 6-1. Samples were 
positioned along the length of the dummy and thickness values were taken for a 13 
minute deposition period. As previously, the microwave sources ignited in a pure 
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argon atmosphere for two minutes, to allow stabilisation of the process. Following 
this, C2H2 is introduced gradually over a further two minutes until the value of 50% 
is achieved.  
 
 
a. b. 
Figure 6-1: Energy distribution of a. one and b. two microwave sources 
6.2.1. Test Recipe for the Optimal Sample Position Test Using Two 
Microwave Sources 
The recipe used for the two microwave source position test is shown in Table 6-1. 
This was the same recipe used for the position testing using one microwave source 
shown in Table 5-7, but with an added microwave source. 
Figure 6-2 shows the trend generated by the system for the position tests using two 
microwave sources. The trend shows that a stable process was achieved as can be 
seen in Figure 6-3. There appears to be more reflected power using two microwave 
sources relative to when only one source is used, this is dispelled by manually 
adjusting the impedance stubs incorporated into the microwave sources as described 
earlier. The reflected power did not affect the overall power. 
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Table 6-1: Recipe for position test using two microwave sources 
Step Time 
(mins) 
Gas Flow 
(sccm) 
Bias 
(V) 
Coil 
Current 
(A) 
Cr 
Cathode 
(kW) 
WC 
Cathode 
(kW) 
wave 
6.1 
(kW) 
wave 
6.2 
(kW) 
Ar C2H2 
Pumping 20 - - - - - - - - 
Plasma 
source 
etch 
20 50 - -
200 
- - - - - 
Cr 15 110 - - 25 4 5 kW - - - 
Cr + 
WC 
30 110 - -  4 3 – 0.5 0.5 – 3 - - 
wave 
DLC 
13 50% 50% - 
100 
3 - - 1 1 
 
 
Figure 6-2: Trend of the deposition parameters: C2H2 flow, Ar flow, bias voltage, 
microwave power and reflected power for the position test using two microwave 
sources experiments 
The trend generated for the bias current as a function of time is shown in Figure 6-3.  
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Figure 6-3: Position test using two sources bias current versus time 
The bias current for two microwave sources follows the same trend as for one 
microwave source (which can be seen in Figure 5-12), but with a much larger 
current. This is due to both sources providing a higher power to the chamber (2 kW 
combined, as opposed to 1 kW from only one source). 
6.2.2. Thickness of the samples prepared in the position test using two 
microwave sources 
Thickness results for the two source position test are presented in Table 6-2. The 
duration of the test was 13 minutes, the same as the position testing using one 
microwave source, this was due to longer periods of time resulting in the microwave 
sources extinguishing due to a build-up of insulating DLC on the substrate bias 
table. It can be seen that the thickness is similar, with higher thickness in those seen 
in Table 5-7.  
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Table 6-2: Position test using two microwave sources – entire coating 
Cm from 
bottom of 
dummy 
Thickness 
(µm) 
Microscope 
image 
 Cm from 
bottom of 
dummy 
Thickness 
(µm) 
Microscope 
image 
37.3 0.81 
 
 35.8 0.93 
 
32.4 0.86 
 
 30.7 0.85 
 
27.3 0.90 
 
 25.8 0.91 
 
22.3 0.94 
 
 20.8 0.91 
 
17.3 0.91 
 
 15.8 1.11 
 
 
Table 6-3: Position test using two microwave sources – DLC coating only 
Cm from bottom 
of dummy 
Thickness (µm)  Cm from bottom 
of dummy 
Thickness (µm) 
37.3 0.11  25.8 0.21 
35.8 0.23  22.3 0.24 
32.4 0.16  20.8 0.21 
30.7 0.15  17.3 0.21 
27.3 0.2  15.8 0.41 
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The results show a more even distribution across the centre of the dummy than in 
the testing with only one source. However, the samples at the far extremities of the 
dummy were of non-measurable thickness due to delamination of the coating after 
taking the samples out of the chamber.  
6.2.3. Summary 
The following key points can be made about the position testing using two sources: 
 The position chosen to place the samples in for the two source testing was in 
the centre (30 cm from bottom and top of dummy) of the dummy, and of the 
two sources. 
6.3. Microwave Power Experiments 1000 W versus 1200 W 
After the position testing, the ideal power value also had to be determined for the 
two sources in order to also eliminate this variable from the ongoing testing, since it 
was now realised that the microwave sources operate in a stable manner at 1 kW. 
The microwave sources operate optimally in a power range from 800 – 1200 W. 
Since all preliminary tests prior to this had been conducted in 1000 W or 800 W 
power, a test was carried out in order to see the effect the power value had on the 
end coating and which was best to take forward. The processing parameters can be 
seen in Table 6-4. 
An important part of this particular experiment was to determine the stability of the 
sources at these higher values of microwave power Figure 6-5 and Figure 6-7 show 
the trends and bias current respectively, in the processes carried out with 1000 W 
and 1200 W microwave power, these show how stable the processes were. The 
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processes ran smoothly with only a small amount of reflected microwave power 
occurring. The bias current behaves as expected, being quite stable at around 2 A. 
Table 6-4: Processing parameters of 1000 and 1200 W power variables 
Step Time 
(mins) 
Gas Flow 
(sccm) 
Bias 
(V) 
Coil 
Current 
(A) 
Cr 
Cathode 
(kW) 
WC 
Cathode 
(kW) 
 
wave 
6.1 
(kW) 
 
wave 
6.2 
(kW) 
Ar C2H2 
Pumping 20 - - - - - - - - 
Plasma 
source 
etch 
20 50 - 200 - - - - - 
Cr 25 13
0 
- - 4 3 - - - 
Cr + 
WC 
30 11
0 
- -  4 3 – 0.5 0.5 – 3 - - 
W-C:H 75 90 8 - 
30 
- 2 - 3 - - 
wave 
DLC 
15 45
% 
55% 200 3 - - 1 & 1.2 
 
6.3.1. Microwave Power experiments conducted at 1000 W 
The processing trend for the tests conducted using two microwave sources at 100 W 
is shown in Figure 6-4 and the bias current is shown in Figure 6-5. These trends 
show that the microwave power was stable, the reflected power was minimal and the 
bias current trend shows that a good process was achieved as this was consistent 
throughout the process. 
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Figure 6-4: Microwave power 1000 W power trend 
 
 
Figure 6-5: Microwave power 1000 W power bias current 
6.3.2. Microwave Power experiments conducted at 1200 W 
The overall trend and bias current for the testing conducted at 1200 W are found in 
Figure 6-6 and Figure 6-7, respectively. The process ran smoothly with only 
minimal reflected microwave power, and the bias current was also smooth, giving a 
higher value than that for 1000 W microwave power. 
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Figure 6-6: Microwave power 1200 W power trend 
 
 
Figure 6-7: Microwave power 1200 W power bias current trend 
6.3.3. Thickness  
The thickness of the samples tested with 1000 and 1200 W power is shown in Table 
6-5. The samples tested with 1200 W power are ~0.2 m thicker than the ones tested 
using 1000 W power.  
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Table 6-5: Thickness of samples tested with 1000 and 1200 W microwave power 
Power (W) Thickness (m) DLC Thickness (m) 
1000 2.11 0.61 
1200 2.32 0.82 
6.3.4. Summary 
The following key points can be made about the microwave power experiments: 
 A significant increase in thickness was seen from 1000 W to 1200 W, thus 
reducing the amount of time that these sources would need to be operational 
for which is of benefit due to stability of the sources being an issue. Thus it 
was decided to continue the processing at the higher power. 
6.4. Bias Scan 
It is well known from the literature that in standard PECVD processes the bias 
voltage plays a large role in the properties of the coating. It is also known that this is 
similar for microwave PECVD coatings. It was suggested by the manufacturer 
(Karlsruhe Institute of Technology) of the microwave sources that over 20 GPa 
hardness DLC coatings could be produced. This section investigates that claim, and 
intends to find the optimum value for DLC hardness using this technique. Table 6-6 
shows the deposition recipe for the bias scan matrix. The interlayer recipe (from 
pumping to W-C:H layer) was based on a standard PECVD coating from Hauzer. 
For the microwave step, 1200 W power was used, 55% C2H2 and varied bias voltage 
at -50, -100, -150, -200, -250, -300 V. These bias voltages are within the range 
currently used within PECVD and Microwave PECVD processes. The intention of 
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this matrix is to determine where the hardest coating lies with regards to bias 
voltage; the next stage within these experiments will be to further refine accuracy of 
this to within 10 V. 
6.4.1. Recipe 
Table 6-6: Deposition recipe for Microwave DLC: Bias Matrix 
Step Time 
(mins) 
Gas Flow 
(SCCM) 
Bias 
(V) 
Coil 
Current 
(A) 
Cr 
Cathode 
(kW) 
WC 
Cathode 
(kW) 
wave 
source 
6.1 
(kW) 
wave 
source 
6.2 
(kW) 
Ar C2H2 
Heating 
200°C 
60 
Heating the chamber to 200C is necessary to optimise the 
performance of the plasma source. 
Target 
Cleaning 
15 - - 
- 
500 
1 - 5 1 - 5 1 - 3 - - 
Plasma 
Etch 
15 50 - 200 - - - - - 
Cr 25 130 - - 4 3 - - - 
Cr/WC 30 110 - - 4 3 – 0.5 0.5 – 3 - - 
W-C:H 
75 90 
0 – 30 
sccm (over 
30 mins) 
2 - 3 - - 
Pumping 
Standby 
This step is necessary to reduce the pump speed before the microwave step. 
wave 
DLC 
15 45% 55% 
50 - 
300 
- - - 1200 1200 
As previously discussed, the stability of the process can be measured by the bias 
current. Figure 6-8 shows the bias currents for the bias scan matrix from -50 V to -
300 V. The current shown for these are all stable, with the higher bias voltages 
having a higher current, this is expected due to the higher energy on the bias. The 
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trend for -50 V declines more rapidly than the others, this is due to the voltage being 
too small to sustain the plasma and this is reflected in further testing. The test 
conducted at -200 V was unstable at around 3 minutes in where the discharge failed. 
This was rectified and the sources were up and running within one minute, because 
of this fault the process in this instance was extended for a further minute to allow 
for this.  
 
Figure 6-8: Bias current trends for the experiments conducted for bias scan matrix 
Figure 6-9 shows the maximum temperatures reached during the microwave stage of 
each of the deposition processes undertaken in the bias scan matrix. It can be seen 
that no temperature exceeds 200 °C, and thus the processing temperature is 
considerably below the graphitisation temperature of > 400 °C. 
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Figure 6-9: Maximum temperature reached during the final microwave step in each 
process within the bias scan variable matrix 
The thickness of the DLC coatings made using this matrix are shown in Figure 6-10. 
The thickness experiences a minimum of 2.1 µm at -200 V bias and a maximum of 
2.6 µm at -50 V, but only varies by ± 0.3 µm from the average at any point. 
 
Figure 6-10: Thickness of the DLC made in the bias scan matrix of experiments 
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6.4.2. Hardness and Elastic Modulus 
The mechanical properties of the coating were determined as in previous 
experiments, using a Micro Materials nano platform which is further detailed in 3.5. 
The nano hardness results for the bias scan matrix are shown Figure 6-11. The 
hardness increases initially with the bias voltage, and a maximum is reached as 
expected. The hardness is within the expected range for standard PECVD at -200 – -
300 V (16.21 – 20.53 GPa) and peaks at a maximum of 20.53 GPa at – 250 V. This 
peak is characteristic of bias variation within the traditionally deposited PECVD 
DLC samples and can be seen in literature. The range chosen to look more closely at 
was -200 to -250 V in increments of 10 V. The hardness of the samples tested from -
50 V to -300 V in this matrix can be seen in Figure 6-11. The elastic modulus can be 
seen in Figure 6-12. 
 
 
Figure 6-11: Hardness for microwave DLC deposited from -50 - -300 bias voltage 
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The elastic modulus follows a similar trend to the hardness, as can be seen in Figure 
6-12 and falls within the expected range for this type of coating. There is a peak in 
the elastic modulus which is 164 GPa at -250 V.  
 
Figure 6-12: Elastic modulus for samples created in bias scan matrix 
6.4.3. Summary 
The following key points can be made about the bias scan series of experiments: 
 The hardness and elastic modulus peak at -250 V and -100 V respectively. 
 Microwave PECVD follows the same trend with regards to bias voltage and 
hardness as more traditionally deposited PECVD coatings. 
 The highest hardness recorded during this experiment a maximum hardness 
of ~ 20 GPa at -250 V. 
6.5. Bias Scan – Smaller Increments 
The purpose of this matrix of experiments was to find the highest value of hardness 
that could be found by varying the bias voltage in increments of 10 V between -200 
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and -250 V, as between these values was hypothesised to lie the highest value of 
hardness, taken from the previous results in the bias scan, shown in Figure 6-11. The 
recipe for the tests conducted in the next set of experiments was the same as that 
seen in Table 6-6, except with the bias voltage at -210, -220, -230 and -240 V. 
Hardness and elastic modulus values for these experiments can be seen in Table 6-7 
and graphed in Figure 6-13. As was seen previously in the hardness results for the 
bias scan matrix in Figure 6-11, the hardness peaks within this matrix also. Within 
this matrix the hardness is at a maximum at 26.8 GPa at -230 V which is above what 
was expected for this deposition technique as given by the manufacturers of the 
sources (KIT) at 20 GPa. 
6.5.1. Hardness and Elastic Modulus 
Table 6-7: Hardness and elastic modulus of samples deposited with bias voltages 
from -210 - -240 V 
Bias Hardness 
(GPa) 
±  Elastic Modulus 
(GPa) 
± 
-210 18.5 2.1  151.5 11.6 
-220 21.4 1.9  166.7 12.0 
-230 26.7 1.2  287.0 30.5 
-240 25.5 2.4  259.3 34.7 
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Figure 6-13: Hardness of DLC coatings from the matrix: bias scan, smaller 
increments 
The elastic modulus follows a similar trend to the hardness and peaks at -230 V at ~ 
250 GPa, this is comparable to the PECVD a-C:H which had an elastic modulus of ~ 
262 GPa, but high when compared to Si-DLC and W-DLC which had elastic moduli 
of ~188 and 161 GPa, respectively. 
 
Figure 6-14: Elastic modulus of DLC coatings from the matrix: bias scan, smaller 
increments 
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6.5.2. Scratch Testing 
Scratch testing was carried out for the samples made using two microwave sources. 
The results differed to those deposited using only one microwave source. No cracks 
or indication of an Lc2 point was apparent on the surface. Figure 6-15 shows the 
scratch for the sample created using -250 V in the bias voltage series of experiments, 
this was at a progressive load of 1 – 60 N and the scratch for the sample created at -
220 V which had a progressive load of 60 – 120 N. No Lc2 value was present on 
either of the scratches. The scratches were deep enough to expose the substrate on 
each of the samples, however.  
 
Figure 6-15: Scratch test images of samples produced using -250 V and -220 V bias, 
scratch tested using a maximum load of 60 and 120 N respectively. 
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6.5.3. Current Densities of the Diamond-Like Carbon Deposition Process 
The current density of the process gives insight into the ionisation density of the 
system. This was calculated by taking the average bias current over the DLC 
deposition period and dividing this by the surface area of the negatively biased 
substrate table. The results can be seen in Figure 6-16.  
 
Figure 6-16: Current densities of the Diamond-Like Carbon deposition process 
across a selection of samples 
It can be seen that those samples deposited using the microwave deposition process 
have a higher current density than those deposited using more traditional PECVD 
methods (the a-C:H). This is due to the extra energy donated to the system by the 
microwave sources. This can especially be seen in the samples that were deposited 
at 1000 W and 1200 W, where the sample prepared using a 1200 W microwave 
power had a higher current density.  
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6.5.4. Summary 
 The hardness is higher than those tests conducted in the previous bias scan 
matrix at around 25 GPa.  
 It is clear from these experiments that even by varying the bias by as little as 
10 V an effect is seen on the mechanical properties of the coatings. 
 With the high hardness comes very high elastic modulus at almost 300 GPa. 
This is extremely high and could potentially have a negative effect on the 
coatings mechanical and tribological properties. 
 No critical load values were able to be obtained due to no classic signs of 
spalling or cracking of the surface within these coatings. 
 There are differences seen when using only one microwave source when 
compared to two: 
o The coatings created using two sources are thicker. This was 
expected due to there being more energy within the deposition stage 
of the process when two microwaves are present and thus more 
ionisation of the source gas leading to a thicker deposit on the 
substrate. 
o The scratch test analysis shows that the resistance of the coatings 
using one microwave source was different to those deposited using 
two. The coatings deposited using two microwave sources proved 
difficult to analyse; no Lc2 value was seen where these coatings were 
concerned and they appear to be resistant to cracking. This could be 
due to the higher energy in the system when two microwave sources 
are present and possibly creating a more dense coating. 
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7.1. Plasma Enhanced Chemical Vapour Deposition Diamond-Like 
Carbon Coatings, Including Tungsten and Silicon Dopants 
The mechanical properties of three Diamond-Like Carbon coatings deposited using 
Plasma Enhanced Chemical Vapour Deposition (a-C:H, Si-DLC and W-DLC) have 
been determined and evaluated in Chapter 4, alongside their tribological 
performance in two different oils; a group III base oil, and a fully formulated oil 
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with a group III base stock containing the anti-wear additive ZDDP. The coatings 
will be compared with those in the literature, and the mechanisms of formation of a 
phosphate tribo-film will be discussed. 
7.1.1. Tribochemical Interactions 
ZDDP is commonly used as an anti-wear additive in boundary lubrication 
conditions. The protection mechanisms for ZDDP in a ferrous environment are well 
documented. Nascent iron and iron oxide wear debris generated during sliding form 
an integral part of phosphate film formation as described by some authors [194], 
[115], whereas others describe the formation as a purely thermally induced process 
[195].  
The formation of a phosphate film is based in the HSAB (hard and soft (Lewis) acid 
base theory). Phosphates (in this case PO4
3-
) derived from ZDDP are defined as 
„hard base‟ and will react strongly with the hard acid (Fe3+) from the cast iron pins.  
5Zn(PO3)2 + Fe2O3  Fe2Zn3P10O31 + 2ZnO 7-1 
 (ZnO, P2O5) (Fe2O3, 3ZnO, 5P2O5)  
Equation 7-1 shows the cation exchange process between Fe2O3 and ZnO (as 
described by [115]). The digestion of the iron oxide in the phosphate glass protects 
the surface from wear; this process requires friction to generate the iron oxide 
particles. As the wear protection of the surface becomes more prevalent and Fe is no 
longer being worn from the surface of the cast iron pin, more negative charges are 
needed to balance the exchange of Zn
2+
 with Fe
3+
. Thus the chain length of the long 
metaphosphates is shortened into pyrophosphates in order to provide the negative 
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charges. This phosphate tribo-film is dynamic in that once the iron oxide particles 
are provided, the protection is sufficient to no longer need them, in which case the 
tribo-film has formed short pyrophosphates which protect the surface further; acting 
as „molten‟ glass and allowing localised EHL sites to occur on the surface of the 
sample.  
7.1.2. a-C:H 
Within this study, it is apparent that a glassy phosphate film has been discovered on 
the surface of both the a-C:H DLC sample and the cast iron counter-body after six 
and twenty hours of testing on the tribometer. It is proposed here that the phosphate 
present in the additive has reacted with the Fe2O3 in the cast iron counter-body as 
described above. It is then seen to transfer to the DLC surface during sliding, since 
this surface is inert and does not react with the ZDDP [118, 196]. The XPS results of 
the quantified chemical species shown after tribo-testing for six and twenty hours in  
Figure 4-41 and Figure 4-42, respectively, show that the phosphate present after six 
hours is mostly long chained metaphosphate (59%), after twenty hours of testing, the 
shorter pyrophosphate chains dominate at a concentration of 67%. In the cast iron 
counter-body a different picture is seen, the phosphate occurs as short chained 
pyrophosphate (100%) after both six and twenty hours testing. It is seen in the 
literature that short chained pyrophosphate derived from the ZDDP anti-wear 
additive is more effective in protecting the surfaces than the long chained 
metaphosphates [197]. This suggests that the film transferred to the DLC surface 
changes from long chained metaphosphates to short chained pyrophosphates at a 
slower rate, or that it is transferred gradually from the cast iron pin to the DLC. On 
the cast iron pin, the metaphosphate was not detected by XPS; the change to 
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pyrophosphate here is much faster and thus protects the surface from an earlier 
stage.  
The gradual transfer of the phosphate tribo-film to the surface of DLC is supported 
by other results; the wear rate of the a-C:H coating decreases over time, as is shown 
in Figure 4-13. The wear volume remains at a steady state after six hours of 
tribometer testing as seen in Figure 4-12, suggesting this gradual build up. The AFM 
images presented in Figure 4-39 show a clear tribo-film present on the a-C:H surface 
after twenty hours. However this cannot be seen on the six hour sample image. This 
could be due to the tribo-film being too thin for the AFM to detect on the sample 
tested for six hours, since the XPS results presented in Figure 4-40 show species on 
the surface of both samples tested at six and twenty hours that are present in the 
classic ZDDP tribo-film, this shows that a tribo-film of this nature is indeed present 
after both six and twenty hours.  
A much thicker tribo layer is seen in the AFM images for the a-C:H after twenty 
hours, and none is visible after six. It is suggested that due to the presence of the 
tribo-film as proven by the XPS data, the wear rate decreasing and wear volume 
remaining static, that the tribo-film is formed initially on the cast iron counter-body 
surface and is gradually transferred to the a-C:H surface during sliding. This 
eventually provides protection of this surface, a schematic of this process can be 
seen in Figure 7-1. 
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Figure 7-1: Transfer of tribo-film from cast iron pin to DLC surface 
It can be seen from the microscope images of the a-C:H after the tribometer testing 
in Figure 4-14 that those in base oil suffered more wear than those tested in fully 
formulated oil + ZDDP in both six and twenty hour tests, though this was relatively 
mild wear when compared to that of the Si-DLC (Figure 4-22) and W-DLC (Figure 
4-30). It can also be seen from the counter-body microscope images in Figure 4-15 
that some trace of the coating can be found on this surface, an adhesive wear 
mechanism is proposed here, though only slight, whereby the tribo-film formed on 
the cast iron counter-body is transferred to the DLC, and particulates of the DLC are 
transferred to the counter-body, creating protective layers on each surface. This 
allows the wear volume to remain static, and the wear rate to decrease.  
The a-C:H was the hardest of the three coatings tested in this series, a property that 
is often attributed to wear resistance [18, 64]. The H/E ratio of the a-C:H coating 
was in-between that of the Si-DLC (0.15) and W-DLC (0.1), at 0.11. However, as 
will be discussed later in this chapter, the H/E ratio does not necessarily correlate 
with wear resistance in lubricated contacts. 
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7.1.3. Si-DLC 
The wear rate of the Si-DLC coating tested in fully formulated oil + ZDDP 
increased from six hours to twelve hours but then experienced a decrease at twenty 
hours. This could be due to the build-up of a tribo-film, as was potentially detected 
in the AFM images (Figure 4-39. However by this time the coating had partially 
worn away and the protection offered by the film had been negated. The wear 
mechanism is suggested to originally be that of adhesion, but after the coating 
begins to wear away, a third body interaction appears to be taking place which 
exacerbates the problem and causes further removal of the coating.  
7.1.4. Friction 
The steady state friction for a-C:H and Si-DLC are presented in base oil in Figure 
4-11 and Figure 4-19, respectively. Friction was seen to be affected by the ZDDP 
additive, although minimally. Primarily an anti-wear additive, ZDDP was not 
expected to affect the friction in a large way. However, it was noticed in the a-C:H 
coating that friction indeed decreased over time, whereas the Si-DLC stayed fairly 
consistent.  
The experiments conducted in base oil in both a-C:H and SI-DLC show the friction 
to be unstable and quite unrepeatable, giving large error bars and in the case of Si-
DLC, removal of the coating, shown in Figure 4-22.The results in fully formulated 
oil + ZDDP are similar to those found by Vengudusamy et al. [105], showing that 
friction is minimally affected by the ZDDP additive. The Si-doped DLC tested in 
base oil had a decreasing steady state friction over time (despite higher wear volume 
over the same time), whereas in the fully formulated oil + ZDDP, the steady state 
194 
friction increased over time. In both instances of lubrication, the coating had been 
removed at twenty hours testing; the presence of the ZDDP in the lubricant appears 
to increase the friction once delamination has occurred, whereas in base oil this is 
being reduced. The W-DLC experienced an increase in friction coefficient in both 
the base oil and the fully formulated oil + ZDDP, which again agrees with the 
results of Vengudusamy et al. [105]. However, unlike the results in this study, the 
coating had been completely removed by this time and therefore the friction 
measured was largely that between the substrate and the counter-body, rather than 
the coating and the counter-body.  
7.1.5. Friction and Wear 
The coefficient of friction as a function of wear rate is presented in Figure 7-2. W-
DLC was again excluded due to its complete removal, therefore the friction value 
given being unrepresentative of that between the coating and the counter-body. It is 
apparent that the combination of a-C:H and the fully formulated oil + ZDDP was the 
most successful in terms of the lowest wear rate and friction coefficient. The 
samples tested in base oil were very unstable with regards to friction and show high 
error due to this. The a-C:H sample performed better in both base oil and fully 
formulated oil + ZDDP, showing less friction and wear than the Si-DLC tested in 
fully formulated oil. This could be due to the a-C:H being harder than the Si-DLC, 
this property of the a-C:H could afford it higher wear resistance and lower friction. 
Also the synergy of the coating and the counter-body with the ZDDP additive is 
clearly contributing to both the friction and wear resistance. The best coating and 
lubricant combination for these tests are indicated in Figure 7-2 with regards to low 
friction and wear. 
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Figure 7-2: Coefficient of friction as a function of wear rate for a-C:H and Si-DLC 
after six and twenty hours testing. BO = Base oil, FF = fully formulated oil + ZDDP 
Due to the effect of hardness on the a-C:H wear resistance, the wear rate of the 
samples is shown as a function of the coating hardness in Figure 7-3. It is clear from 
this graph that the a-C:H samples performed better, in both base oil and fully 
formulated oil. The sample was measured to be ~ 3 GPa harder than the Si-DLC. 
Hardness is a property often attributed to increased wear resistance [64] and it is 
clear that this property has an impact in this instance, since even in the samples 
tribo-tested in base oil, the wear rate is lower in the harder sample (a-C:H) than of 
the Si-DLC, which is of lower hardness as indicated in Figure 7-3. Other values for 
similar coatings presented in the literature by de Barros‟Bouchet et al.[97] and 
Vengudusamy et al. [95] to provide a comparison. It can be seen from the graph that 
harder coatings do not necessarily equate to better wear resistance. The wear rate 
appears to not be entirely reliant on the hardness. Another factor that influences the 
wear rate is the ratio of the hardness and elastic modulus as has been widely noted 
by Leyland and Matthews [70, 71]. 
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Figure 7-3: Wear rate as a function of coating hardness of a-C:H and Si-DLC. BO = 
base oil. FF = fully formulated oil + ZDDP. Including literature values from 
Vengudusamy et al. [95] and de Barros‟Bouchet [97] 
7.1.6. Critical Load and Wear 
There is much debate in the literature surrounding the prediction of a coatings wear 
lifetime using varying means. Figure 7-5 presents the wear rate (after twenty hours 
of testing in base oil (BO) and fully formulated (FF) oil) as a function of the critical 
load taken from scratch tests for a-C:H, Si-DLC and W-DLC. This shows some 
surprising results, namely that as the critical load increases, as does the wear rate of 
the sample. This was surprising due to the critical load being a measure of a 
materials scratch resistance, but as is evidenced by Figure 7-5, a higher scratch 
resistance does not necessarily equate to a higher wear resistance, in fact, the 
opposite appears to be true. The scratch testing takes place at room temperature and 
involves no lubrication, thus the softer coating (W-DLC) will have the opportunity 
to deform elastically, whereas the other, harder samples (with higher elastic 
modulus) do not.  
197 
Figure 7-4 shows the critical load versus the H/E ratio of the DLC samples created 
during the course of this thesis. As can be seen here, as the critical load that the 
sample is able to withstand (where the Lc2 value is found) increases, the H/E ratio 
decreases. However, it is noted within the literature that an H/E ratio with high 
hardness and a low elastic modulus  is desirable for wear resistance [73], this is not 
the case for some of the coatings presented here. The coatings created within the gas 
ratio series of experiments tended to have low hardness (8 – 10 GPa) and low elastic 
modulus (56 – 63 GPa) and show the lowest Lc2 values of the range of coatings 
tested. The coatings created within the two variable matrix have a slightly higher 
range of hardness (from 7 – 18 GPa) but also a much higher elastic modulus than 
those created in the gas ratio series of experiments (up to 185 GPa) but show much 
higher Lc2 values. From this graph it can be said that a H/E ratio of ~ 0.1 is optimal 
for adhesion within dry scratch testing. 
 
Figure 7-4: Critical load versus H/E ratio for the samples created during the course 
of this thesis. 
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The H/E ratio of each of the samples is presented in Table 4-3, the H/E ratio is 
sometimes used by authors as a tool to predict wear performance of coatings and 
other materials [70] which is said to indicate the materials elastic strain to failure, 
with a higher value of H/E being more conducive to a lower wear resistance. Of the 
three samples tested in this study, the W-DLC had the highest H/E ratio, signifying 
that it should have the best wear resistance. This was untrue for the samples tested in 
lubricant on the tribometer, however, the W-DLC sample outperformed both the a-
C:H and Si-DLC on the scratch tests, reaching a critical load of 56.5 N, as opposed 
to that reached  by a-C:H and Si-DLC of 31.4 N and 35.72 N respectively.  
It would seem that the wear resistance indicated by the H/E ratio was true for the dry 
scratch tests, but both of these values were not useful in predicting wear resistance 
on the lubricated tribometer tests, which have a more complicated tribochemistry, as 
can be seen from Figure 7-5. It is important to recognise the limitations of the 
critical load value as an indicator for wear resistance in lubricated contacts, as this is 
a mechanical and chemical process, whereas scratch testing is purely mechanical 
and does not take into account the chemical factors. 
 
Figure 7-5: Wear rate as a function of critical load for a-C:H, Si-DLC and W-DLC 
after twenty hours testing 
199 
7.2. Microwave Plasma Enhanced Chemical Vapour Deposition 
Diamond-Like Carbon Coatings 
The novel microwave plasma enhanced chemical vapour deposited Diamond-Like 
Carbon coatings have been assessed for their mechanical properties and the 
relationship between these and the deposition parameters. This has been presented 
using one microwave source in Chapter 5 and two microwave sources in Chapter 6. 
The results of the mechanical and tribological properties, where relevant, will be 
compared with coatings presented in the literature. The effect that the deposition 
parameters have on the mechanical properties of the coatings will be discussed. 
7.2.1. Thickness of Microwave PECVD Coatings with Variation in 
Position on Substrate Holder Created with One and Two Microwave 
Sources 
In the positional and thickness tests for one source and two source testing, the 
thickness of the DLC coating varied. The DLC was much thicker when just one 
source was used for 13 minutes than when two sources were used; the results are 
compared in Figure 7-6. The same bias voltage, interlayer and gas ratio was used. It 
would seem that using two sources lowers the thickness of the coatings despite 
delivering more power to the system. The results absent from either extremity of the 
substrate holder (dummy) are due to these coatings „pinging‟ from the substrate and 
a measurement was unable to be taken. It is clear that there is a maximum thickness 
of the coatings produced using one microwave source; this is the area at which the 
centre of the antenna lies. No such maximum is found when two sources are used to 
deposit the coatings.  
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Figure 7-6: Thickness of DLC made using one and two microwave sources in 
different positions along the substrate holder. 
The thickness where two sources have been used is greatest at the outer extremities 
of the sample holder, after which the coatings no longer adhere to the substrate. 
From the results it is apparent that a more even power distribution is achieved when 
two sources are used. From a commercial point of view this is a useful result as it 
allows a fairly uniform distribution of the coating over a large surface area, enabling 
a higher volume of products to be coated with the same thickness of material. Using 
only one source would not achieve this and would be impractical from this 
perspective, giving an uneven distribution across the span of the sample holder.  
7.2.2. The Effect of Bias Voltage on Thickness, Hardness and Elastic 
Modulus of DLC Coatings Made with One and Two Microwave 
Sources 
All of the samples compared within this section have been produced with a 
microwave DLC recipe using 55% acetylene and 45% argon. The difference in 
processing parameters are: The power in the process using two sources was 1.2 kW 
and duration was 15 minutes (with acetylene for 13 minutes of the process)  whereas 
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in the process using one microwave source this was 1 kW, and a 13 minute duration 
(with acetylene for 11 minutes). Despite these differences in processing parameters 
the coatings can still be compared with respect to trends seen in the thickness, 
hardness, and elastic modulus.  
The thickness of the DLC in experiments that varied the bias voltage show opposite 
results to those previously seen in section 7.2, however the DLC coatings deposited 
using two microwave sources had a duration of two minutes longer than the coatings 
using one source, which accounts for this discrepancy. Nevertheless, the samples 
created using one source and two sources follow a similar trend of decreasing 
thickness with increasing bias voltage as can be seen in Figure 7-7.  
 
Figure 7-7: Variation of the thickness of microwave DLC coatings produced using 
one and two microwave sources with respect to bias voltage 
As the coating thickness decreases with increasing bias voltage, the hardness 
increases in both the samples created using one microwave source and with two 
microwave sources as presented in Figure 7-8. This could be due to the higher ion 
energy induced by the increased bias voltage, which encourages a higher sp
3
 
percentage in the atomic matrix. The sp
3
 bonded carbon is more densely packed than 
sp
2
 bonded carbon and could account for the lower thickness of the coating [11]. 
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This is supported by the increase in elastic modulus with respect to the bias, results 
of which are compared in Figure 7-9, which indicates that higher internal stresses 
are present. The hardness and elastic modulus vary only slightly with the difference 
in number of sources, and the results are all within error of one another. The results 
of the previous section (7.2) show that the variation in thickness relies heavily upon 
the position of the samples in the chamber, in these experiments the position in the 
chamber was fixed at the optimum points as previously discussed for one source in 
section 5.4 and for two sources in section 6.2. 
 
Figure 7-8: Variation of the hardness of microwave DLC coatings produced using 
one and two microwave sources with respect to bias voltage 
With the substrates in a fixed position, the number of sources used for coating 
deposition does not affect the hardness or elastic modulus of the coatings, neither 
does the difference in power (one source: 1 kW, two sources: 1.2 kW). This property 
of the coating seem to rely mostly on the bias voltage, which interestingly, as it is 
increases, also increases the hardness and elastic modulus of the coating, but 
decreases the thickness.  
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Figure 7-9: Variation of the elastic modulus of microwave DLC coatings produced 
using one and two microwave sources with respect to bias voltage 
7.2.3. Comparison of the Coatings Created at the University of Leeds to 
Those Found in the Literature 
The coatings created using the deposition system at the University of Leeds will be 
compared with existing industrial coatings.  
As can be seen from Table 7-1, a wide variation in mechanical properties can be 
achieved by using different deposition techniques, and parameters (more clearly 
seen in section 2.5.5). The a-C:H coating falls amongst the „hard‟ a-C:H coatings 
noted in Table 2-2. The microwave coatings exceed that found using similar 
methods (no two deposition chambers are exactly alike – producing different results 
for different set ups) in hardness, which a result much welcomed by the sponsors of 
this project.  
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Table 7-1: A selection of coating properties from the literature 
Coating 
Type 
Deposition 
Method 
Hardness 
(GPa) 
Elastic 
Modulus 
(GPa) 
H/E  Reference 
a-C:H Magnetron 8.8 110 0.08 69 
a-C:H PECVD 16 130 0.12 71 
a-C:H Microwave 16 180 0.089 72 
a-C:H Microwave 15 180 0.083 75 
a-C:H Microwave 16 146 0.11 77 
The microwave coating hardness varied throughout the testing from a very low 
hardness (5 GPa in the 50 V bias scan experiment using two sources seen in section 
6.4.2) to the maximum hardness found of ~ 26 GPa (also in the bias scan series of 
experiments using two sources shown in section 6.5.1). This shows that the 
deposition parameters can be varied by small amounts to achieve vastly different 
results. The graphs and equations generated from this empirical data (presented in 
section 5.5.5) will serve to provide future users of this particular deposition system 
with a means by which to produce coatings of known hardness or elastic modulus 
(within a reasonable margin of accuracy).  
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Chapter 8  
Conclusions 
This study has provided insight to the tribological interactions of a-C:H, Si-DLC and 
W-DLC and the anti-wear additive ZDDP with the support of physical and chemical 
analysis. Of note are the interactions between ZDDP and a-C:H (sliding against a 
cast iron counter-body). Also microwave PECVD DLC coatings were produced and 
their mechanical properties were defined. A diverse range of deposition parameters 
were explored which gave many varied results. Conclusions for both PECVD and 
Microwave PECVD elements of this thesis are provided here, along with 
recommendations for future work. 
8.1. Conclusions 
 It has been shown that ZDDP has an effect on the wear resistance of a-C:H 
coating surfaces when reciprocating against a cast iron counter-body 
 A phosphate based tribo-film has been produced on the a-C:H surfaces 
 The phosphate tribo-film on the a-C:H surface has been shown to consist 
mainly of long chained metaphosphates after six hours sliding against a cast 
iron pin, devolving into short chained pyrophosphates after twelve hours.  
 It has been shown that the short chained pyrophosphates enhance the 
protection of the a-C:H surface more so than the long chained 
metaphosphates. 
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 The phosphate film is transferred from the cast iron pin to the a-C:H surface 
over time.  
 ZDDP was seen to lower the friction minimally in the case of a-C:H 
 The Si-DLC used within this study was not adequate for the application due 
to coating removal during testing. 
 A tribo-film was seen to begin to form, but the removal of the coating 
preceded this, negating any protection it could potentially offer. 
 The W-DLC (Balanit C*) proved completely unsuitable for this application, 
being completely removed from the substrate after six hours of testing.  
 The H/E ratio is seen to be a helpful indicator of the scratch resistance of the 
DLC coated samples, however, as the tribochemistry of a contact changes 
i.e. if lubricant is present, this is not the case. 
 Using two microwave sources allows more uniformity across the deposition 
area, using only one source creates an „energy profile‟ and is undesirable in 
commercial application 
 The thickness of the DLC deposited using the microwave sources are heavily 
dependent on the bias voltage and less so on the number of microwave 
sources used. This could be attributed to the higher amount of sp
3
 bonding 
present which is evidenced by the high elastic modulus. 
 Hardness and Elastic modulus are not affected by the number of sources 
present but are heavily affected by the bias voltage, tending to increase as the 
bias is increased.  
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 The highest hardness achieved using two microwave sources was ~25 GPa, 
which was harder than the DLC produced using PECVD on the same 
deposition system 
 Empirical equations have been produced which will allow future users of the 
deposition system to decide upon the hardness and elastic modulus properties 
they wish to have. The equations will give the optimum bias voltage and gas 
ratio to achieve this, within a maximum of 15% error. 
The a-C:H performed the best of the three coatings in the tribometer tests, providing 
a wear resistance an order of magnitude lower than the DLC containing tungsten, 
and for most tests performed with the Si-DLC.  
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8.2. Future work 
There is great potential to extend the current study and build upon the knowledge 
within this area. Such points are discussed below. 
 Durability of tribo-films. 
Once the tribo-films have formed on the coating surface, mechanical 
measurements of them would be useful in determining the useful lifetime of 
the films. 
 Effective addition of additives into the DLC coating. 
The successful levels of dopants should be explored in order to achieve a 
better unison between coating and existing lubricant additives 
 Microwave PECVD. 
More variables should be considered when making the coatings. This would 
help to determine the exact effect each parameter has on the end properties 
of the coating 
The tribological properties of these coatings should be investigated and 
compared to the existing PECVD coatings. 
The level of Sp
2
 bonding should be investigated in order to determine the 
compositional nature of the coatings, and the effect that the deposition 
parameters have on this. 
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